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LES  RECHERCHE*  DANS  LE  DOMAINS  DES  MOTEURS  FUSEES  A  PROPERGOLS  SOLIDES 

(VUE  D'ENSEMBLE) 


par  Marcal  BARRtRE 

Office  National  d'Etudts  at  da  Rtcherches  Adrospatloles  (ONERA) 

92320  (Million  (France) 

♦ 

Mama* 

La  but  de  cat  expose  an  dr  precbar  bt  recherchm  qui  interatttnt  actuellement  bt  construct  run  dr  fuaem  m  vue  (fappiicatiom  milituirts. 

Crs  rrchrrchrs  portrnt  principelement  sur  It  combustion  du  propergol  rt  aur  Its  proprietfe  dot  produits  brObs  tore  lour  imptet  sur  Im  perfor¬ 
mances  rt  la  tmut  dot  tuyfeM  rt  dM  enveloppet. 

Not*  l* "sons  dr  cM  dM  probbmM  importmts  life  run  propritlfe  mbctniquM  du  btoc  dr  poudrr  rt  tux  matfeiaux  const i tut m  I'tnvrloppt  rt 
It  tuyfer.  matfeiaux  qui  torn  choish  m  fonction  dr  la  mission  du  propulttur. 

Lot  recherchm  sur  it  combustion  tom  diviatM  on  dtux  ptrtiM  luiyrm  qut  la  rtpimr  do  fonctionnement  du  propultaur  art  permanent  ou  trio 
blob  a. 

Dam  r opt  imitation  tfun  tystfena  da  propulsion,  la  valour  da  la  vitatta  da  combustion  jour  un  trfe  grand  rftla  at  plus  particulifeamant  ton  bvo- 
krtion  avac  la  praaaion  at  la  lampfeatura  du  bloc.  Bian  qua  da  nombrautM  rachareltM  aiant  fed  cons  sc  riot  a  ca  thfena  il  rasta  encore  da  nombraux 
problfenm  *  rfeoudra  pour  ItsrvH  la  gamma  dM  propargob  actuals.  QualquM  aspaett  dM  pMnomfeMa  da  combustion  lorsqua  la  surface  ett  btlayfe 
par  un  feouiamant  ou  lorsqua  la  proprrgol  art  toumit  t  dM  accfefeationt  tom  abordfe. 

La  connoisssnco  dM  lob  qui  rtgrssont  Im  conditiom  tftxtinction  art  utila  aussi  bian  tux  construct  sun  qu’aux  chercheurt  qui  vaulant  avoir  unt 
idto  plus  prfeba  dM  proettsut  da  combustion  dm  propargolt. 

La  propagation  da  la  flamma  dam  Im  fiaaurM  at  laur  formation  tom  ega  lament  analytfet. 

En  rdgima  tramitoira.  una  large  part  da  I'activite  ait  oontaerta  t  rhaura  actualb  t  revolution  da  la  rtponse  du  proper gol  e  una  fluctuation  de 
prats  ion  at  t  una  fluctuation  da  vitatta.  Lrn  theorim  Ijnferitfet  qui  dormant  catta  fonction  da  transfart  torn  pau  rfelittM  at  la  couplaga  avac  la  vitatta 
m  paut  fera  abordt  an  militant  bt  lob  da  vitatta  da  combustion  feotiva  du  regime  permanent 

On  dbpMa.  b  rhaura  actualb.  da  donnbM  ralativM  S  b  fonction  da  tramfert  du  proprrgol  ;  ii  an  encore  difficile  da  prdvoir  bt  dome  inn  de 
fonctionnamam  ttabb  du  propuheur  car  on  na  dbpota  par  <funa  mfehode  analytiqua  pour  prbvoir  bt  partM  an  fonction  da  b  tailb  du  proputaaur. 

Sur  I’incidence  dM  produitt  da  combunion  ( presence  da  particubt)  tur  bt  performancM  at  rur  b  tanua  dM  tuyfeet,  qualquM  aspects  dM  re- 
charcfMt  tom  egtbmant  tvoqufe 

RESEARCH  IN  THE  FIELD  OF  SOLID  PROPELLANT  ROCKETS  (A  SURVEY) 

Snnststgry 

The  purpaee  of  Mb  paper  it  to  review  current  rttetrch  of  internet  et  the  prteent  time  to  toiid  propellent  rocket  menufecturen  for  military 
tppHcttiont. 

The  analyte  prooontod  Peek  mainly  with  the  co mhuttion  of  propellent!  end  the  nature  of  burned  product ».  as  well  et  their  impact  on  perfor¬ 
mance!  and  the  behaviour  of  noezkt  end  cminm- 

Thk  paper  dm  not  take  into  account  the  important  problem s  of  the  mechenicel  propertiet  of  the  propellent  groin  end  of  the  nature  of  the 
metetiek  ueed  for  the  nozzle  end  cooing  of  the  rocket,  which  ere  choeen  on  the  beak  of  the  minion  to  be  carried  out 

Combuetion  reteerch  it  divided  into  two  pert a  :  Me  eteedy  end  the  uneteedy  regime  of  the  combuetion  chamber. 

The  burning  rate  of  the  jropollont  ploy!  en  important  role  in  the  optimiretion  of  the  ptopuleion  eyttem.  in  particular  itt  level,  ite  evolution 
tdth  the  promote  end  itt  eerteivity  to  the  pain  temperature.  The  influence  of  the  get  velocity  along  the  turfece  end  acceleration  effect!  era  alto  dealt 
afH 

Although  a  greet  deal  of  reteerch  hot  been  carried  out  in  thk  fkl.  many  problem  ttill  remain  ro  be  tohvod  to  extend  the  range  of  prompt 
propthante 

The  knowledge  of  the  tem  which  govern  the  propellent  combuttron  creature  limit  k  important  to  both  menufecturen  end  mttrehen  who  emnt 
to  hove  a  more  precke  i might  on  the  combuetion  phenomena 

The  fltmt  propagation  in  creckt  and  their  initiation  ere  analyzed. 

In  the  uneteedy  regime  of  combuetion.  a  large  part  of  the  activity  k  devoted  to  the  rotponm  of  the  propellant  to  pranure  and  velocity  fluctu- 
ationt .  Experimental  and  theoretical  work!  on  the  determination  of  the  trentfer  function  era  dteh  with.  Linearized  theorim  which  give  the  trentftr 
function  ere  in  tome  caaaa  unrmlktk  and  the  coupling  of  the  burning  rata  with  the  velocity  k  not  well  undtretood. 

For  tome  proponent!  the  trenafar  function  k  known  ;  In  tp Itt  of  thk,  it  k  ttill  difficult  to  predict  the  ttabk  regime  of  the  rocket  motor,  the  lotm 
evaluation  for  different  a tern  end  gtomttrim  of  the  combuetion  chamber  remaining  inaccurate 

Soma  taped!  of  rematch  on  component!  (grain,  liner,  eating,  nozzle)  ore  given,  in  particular  the  effect  of  the  nature  of  combuetion  product!  on 
their  performance 
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I  -  INTRODUCTION  [I] 

Lee  recherche*  den*  le  domaine  de»  propergol*  *olide*  ont  toujour*  AtA  trAs  active*.  L'utilisa- 
tion  de  ce  type  de  propergol  pour  la  propulaion  par  fusAes  a  fait  apparaitre  de  nouveaux  domaines  d'appli- 
cation*  civil*  et  militaires  et  de  1948  A  1978  de*  recherche*  trAs  importantes  ont  AtA  menees  un  peu  par- 
tout  dan*  le  aonde.  Devant  cet  accroiaaeoent  d'activitA,  on  pourrait  croire  que  le*  principaux  problemes 
ont  AtA  rAsolus  et  qu’il  ne  reate  que  de*  Atudes  portant  *ur  de*  actions  de  details,  plus  particuliArement 
liies  aux  applications  aais  il  n'en  est  rien  car  le  no mb re  de*  mission*  ne  cesse  de  croitre  et  le*  con- 
traintes  imposAes  sont  de  plus  en  plus  nombreuses  et  difficile*  A  realiser.  Si  l'on  examine  la  literature 
sptqiatisie  de  ces  cinq  derniAres  annees  on  note  une  baisse  du  potentiel  "recherche*"  aux  U.S.A.,  un 
accroisseaent  en  U.R.S.S.  et  au  Japon,  un  aaintien  en  Allemagne,  au  Royaume  Uni  et  en  France. 


Nous  nous  proposona  dans  cet  article  de  faire  le  point  de*  activites  dans  ce  domainet  en  insis¬ 
tent  plus  particuliArement  sur  le*  sujets  qui  demandent  encore  un  effort  et,en  fonction  de  future*  appli 
cations, sur  le*  nouveaux  thAmes  qu'il  conviendrait  d'aborder. 


Nous  allons  suivre  un  plan  classique  en  distinguant  trois  parties  : 

la  premiere  est  relative  A  la  combustion  du  propergol  en  regime  permanent.  Dans  l'optimisation  d'un 
systAme  de  propulsion  en  vue  d'une  application  donnAe,  la  valeur  de  la  vitesse  de  combustion  joue  un  trAs 
grand  role.  Le*  recherche*  qui  aboutissent  A  une  meilleure  determination  de  ce  paramAtre  sont  abordAes  ; 

la  deuxiAme  partie  traite  du  rAgime  tranaitoire  A  l'allumage,  A  I'extinction  ou  durant  le  fonctionnement 
instable  du  propulseur  ; 

la  troisiAme  partie  concerne  plus  directement  le  propulseur  : 

.  geometric  des  blocs, 

.  ecoulement  interne  dans  le  propulseur, 

.  Arosion  des  tuyAres. 


Nous  laissons  de  cote  les  problAmes  important*  qui  sont  liAs  aux  propriAtAs  mecaniques  du  bloc  de 
poudre  et  aux  matAriaux  const ituant  l’enveloppe  et  la  tuyAre,  materiaux  qui  sont  choisis  en  fonction  de  la 
midsion  du  propulseur. 


2  -  RECHERCHES  PORTANT  SUR  LA  COMBUSTION  EN  REGIME  PERMANENT 


2.1  -  Vitesse  de  combustion 

On  dispose  A  l'heure  actuelle  d'une  large  gamme  de  propergol*  permettant  de  couvrir  un  domaine  de 
vitesse  de  combustion  allant  de  quelques  dixiAmes  de  millimAtre  par  seconde  A  plusieurs  centimetres  par 
seconde  dans  le  domaine  de  pression  utilisA. 


La  figure  l  donne  l'ordre  de  grandeur  des  vitesse*  obtenues  pour  les  trois  types  de  propergols 
actuellenent  utilisA*  : 

-  propergols  homogAnes  pour  lesquels  les  atomes  comburants  et  combustibles  sont  fixes  sur  la 
meaie  molecule  (double-base)  ; 

-  propergols  hAterogenes  obtenus  par  melange  des  substances  comburantes  et  combustibles  (compo¬ 
sites)  ; 

-  propergols  hAtArogAnes  obtenus  par  melange  de  propergols  homogAnes  et  de  substances  comburan¬ 
tes  ou  combustibles  (double-base  composite). 


Examinons  tout  d'abord  les  parasiAtres  qui  agissent  sur  la  vitesse  de  combustion  et  dans  quelle 
mesure  peut-on  les  faire  varier. 

a)  -  Niveau_de  vitesse  de_combu*tion  [2]  [3]  [4]  [5] 

Dans  l'expression  classique  de  la  vitesse  de  combustion  oki  If"  ,  nous  allons  plus  par- 
ticuliArement  discuter  de  la  valeur  du  niveau  de  vitesse  de  combustion  g  . 


Pour  fixer  les  idAes  considArons  deux  cas  extremes  d'application  militaire,  tout  d'abord 
celui  des  propulseur*  utilisA*  come  "boosters"  A  grande  poussAe  et  celui  de  petits  propulseur* 
A  court  temps  de  combustion  et  A  grande  accAlAration. 


Pour  rAaliser  ces  deux  missions,  on  peut  jouer  sur  trois  paramAtres  : 

a.  la  masse  volumique,  il  faut  choisir  des  propergols  dense*  mais  on  est  asses  vite  limitA 

b.  la  surface  de  combustion,  on  dispose  A  l'heure  actuelle  de  gAomAtries ccmpliquAesde  bloc 
qui  conduisent  dans  un  volume  donnA,  A  une  grande  surface  de  combustion,  mais  ici  encore 
on  est  limitA  par  la  tenue  mAcanique  du  bloc  qui,en  gAnAral.doit  supporter  de  grande* 
accAlAration*,  et,A  l'allumage, des  diffArences  de  pressions  AlevAes,et  qui  doit  possAder 
de  bonnes  propriAtAs  au  stockage  ; 

c.  le  niveau  de  la  vitesse  de  combustion,  e'est  le  paramAtre  sur  lequel  en  dAfinitive  on 
peut  agir  mais  qu'il  est  difficile  de  maitriser  complAteoent . 

Il  existe  au  moins  trois  procAdAs  pour  agir  sur  4  : 

Le  premier  est  liA  au  processus  physique  de  transfert  de  chaleur  A  la  surface  et  dans  le 
solide  ;  la  plupart  des  propergols  sont  constituAs  de  substances  plastiques  et  qui  ont,  malgrA 
leur  grande  diversitA,  des  propriAtAs  thermiques  Aquivalentes,  pour  fixer  les  idAes  la  diffusi- 
vitA  the  mi  que  est  de  l’ordre  de  IO"3cm2*“l.  Come  cette  diffusivitA  thermique  conditionne  en 
P*rtie  la  valeur  de  4  ,  il  faut  done  trouver  des  moyens  pour  1'amAliorer,  en  utilisant  par 

example  des  fils  d'argent  placAs  perpendiculairement  A  la  surface  de  combustion.  On  peut  Agale- 
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Bent  choiiir  du  substances  qui,d'un«  part ,augaentent  l'dnergie  rayonnde  par  la  flat  at,  d'autre 
part , accroiaaant  l'dnergie  abaorb de  par  la  propergol. 


La  deuxiiae  procddd  consiste  1  utiliacr  dana  lea  propergola  hdtdrogines  dea  aubatancea  fine- 
aaat  diviadea  (crlataua  da  perchlorate  d'aBonita  de  grenuloadtric  de  l'ordre  du  aicron  par 

exeaple) . 


La  troisidae  adthode  eat  pureaent  chiaique,  elle  repose  aur  1 'utilisation  de  cohosts  endo- 
theraiques  qui  se  ddtruiaent  facileaent  sous  l'dldvation  de  teapdrature  ou  de  catalyseura  qui 
rendent  plus  repides  certainea  rdactiona  chiaiquea.  Pour  illuatrer  cette  possibllitd  exaainons  le 
cas  de  propergols  hoaogtnea  contenant  certains  catalyaeura.  La  structure  de  la  f lease  d'un  pro¬ 
per  go  1  hoaogdne  dvolue  avec  la  preaaion  et  avec  la  nature  du  propergol,  on  peut  ndanaoins  en 
donner  une  reprdsentation  comae  celle  indiqude  aur  la  figure  n*2  oil  le  profil  dea  teapdraturea 
eat  tracd  en  fonction  de  l'dpaiaaeur  traverade.  Dana  le  aolide  on  note  tcait  d'ebord  une  cone  de 
prdchauffage  1  l'intdrieur  de  laquelle  la  teapdrature  crott  sans  pour  cela  modifier  de  fa;on  no¬ 
table  la  coaposition  du  propergol  ;  dans  l'exeqile  choisi  la  preaaion  eat  de  SO  bers,  la  vitease 
de  ccartiuation  de  l'ordre  de  I  cas-1,  la  tone  aolide  intdressde  a  une  dpaisseur  de  SO  ia  ;  I  la 
surface  du  propergol  on  observe  une  tone  auperf icielle  de  ddcoaposition  de  la  nitrocellulose  et 
de  la  nitroglycdrina  avec  foraation  de  NO,  N02,  dea  aldehydes,  dea  hydrocarburea ,  de  l'hydrogdne 
et  dea  produita  de  coabustion  coat  CO,  CO2,  H2O.  Cette  tone  de  ddgradation  conporte  dea  rdsidua 
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•olid**,  de»  dt pot*  de  carbone  et  du  gaz  ;  I’dpaisseur  de  ceCCe  zone  eat  de  1'ordr*  de  SO  um  ; 
plus  au-dessus,  apparait  une  flame  primaire  correapondanc  4  une  oxydation  exothermique  des  alde- 
hydca  par  N02  avec  formation  de  NO,  CO,  CO2,  H^O,  H2  ;  toujoura  en  auivant  1 'fcoulement  ae  aitue 
une  zone  d' induction,  Involution  dea  espices  aat  lente  et  lea  reactions  chimiquea  peu  impor- 
tantaa,  la  temperature  eat  sensiblement  conatante  ;  une  zone  de  combustion  aacondaire  apparait 
enauite  conduiaant  4  une  combustion  complice  dea  eapicea,  cette  zone  eat  en  gdndral  lumineuse, 

*11*  diaparait  aux  basses  pressions  de  combustion.  Une  evolution  expdrimentale  de  la  temperature 
eat  donnde  sur  la  figure  3  delimitant  lea  zones  ddcrites  plus  haut,  dans  ce  caa  la  teng>drature 
de  surface  eat  de  340#C,  la  zone  df evolution  lente  de  1015 *C  et  la  zone  de  fin  de  combustion 
I7S0*C. 

Lea  processus  chimiquea  tiennent  done  une  grande  place  dans  la  combustion  dea  propergols  ho- 
moginea  et  e'eat  en  modifiant  lea  conditions  pria  de  la  surface  que  l'on  pourra  agir  sur  la 
viteasa  da  combustion.  La  figure  4  donne  la  variation  de  la  vitesae  de  combustion  avec  la  pres* 
aion  pour  deux  propergola  :  le  propergol  dit  "chaud",  correspondant  4  une  inergie  libirie  par  la 
embustion  plus  grande  que  le  propergol  u.t  "froid",  et  qui  a  une  vitesae  de  combustion  plua  £lev£e. 


P ( bar  ) 


Sur  catte  rneme  figure  eat  portte  l 'influence  de  catalyaeurs  come  le  stearate  de  Plonfc  qui 
provoque  dans  des  domaines  de  pression  bien  d€limit£s  des  survitesses,  un  me  me  propergol  peut 
avoir  en  fonction  de  la  pression  pluaieurs  domaines  de  survitesse.  Pour  ces  propergols  le  premier 
domain*  de  survitesse  eat  du  4  une  liberation  plus  grande  d'£nergie  pr8s  de  la  surface,  c'est-4- 
dirc  dans  la  flaaae  primaire,  l'additif  a  pour  effet  de  rSduire  plua  activement  NO  en  N2,  une 
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augarnt.tion  da  la  Cra|>draCurc  an  rA.ultc,  ca  qui  augment.  la  flux  da  chalaur  tranaaia  au  aolida. 
L'addilif  n'a  aucun  affat  dana  la  phjaa  aolida.  La  f  1  aac  aacondaira  arrive  alora  praa  de  la 
aurface.  Dea  aapdcaa  coaaa  PbO,  SnO  poaaident  un  affat  catalyaaur  aur  laa  react iona  exotherni- 
quaa.  La  noir  da  carbonc  a  pour  affat,  coaaa  l'indique  la  figure  5,  da  deplacar  la  tone  da  aur- 
vitaaaa.  On  note  dgal  aaant  qua  laa  rdaidua  da  carbone  aont  plua  abondanta  en  preaence  d'additifa, 
caa  reaidua  diaparaiaaant  d  la  fin  da  la  tone  da  aurvitaaaa. 

Avac  laa  propargola  coapoaitea  ou  hfterogenea  lea  paraadtraa  qui  agiaaant  aur  la  vitaaae  da 
coabuation  aont  an  plua  dea  pr<c£denta,  tout  d'abord  ceux  qui  aont  liia  A  l'Anergie  niaa  an  jeu 
par  la  coabuation  car  la  rapport  da  atlange  paut  a i semen t  variar.  Lea  loia  rigiaaant  la  vitaaae 
da  rdgraaaion  d'una  aubatanca  aont  da  la  forae  v,  a  ou  T|  etc  la  temperature  de 

aurface,  il  faut  done  cocmaitre  cette  loi  pour  tout  let  ingredient t  compoaant  un  propergol  h£te- 
rogene  (Perchlorate  d'ammonium,  polyurethane,  ni t rocel lulote  nitroglycerine  par  exemple).  La 
figure  b  donne  cet  vitettet  de  regrettion,  on  peut  done  voir  qu'un  propergol  const itue  de  per¬ 
chlorate  d1 ammonium  et  de  polyurethane  aura  de  faiblet  vitettet  de  regrettion  aux  melanges  riches 
par  suite  de  la  diminution  de  la  temperature  de  surface  T$  et  de  la  faible  vitette  de  regression 
du  liant  plastique  qui  eat,  dans  ce  cat,  la  substance  predominance.  La  figure  7  indique  les 
variations  de  la  vitette  de  combustion  en  fonction  du  param£tre  K  •  masse  de  Perchlorate  d'am- 
monium/masse  de  polybutadidne  ;  pour  un  propergol  normal  ce  rapport  est  de  l'ordre  de  5  et  tur  la 
f igure  presentee  la  combustion  eat  encore  possible  pour  des  valeurs  de  K  de  l'ordre  de  0,3  e'est- 
A-dire  17  foia  plus  petit.  Ce  type  de  propergol  peut  etre  utilise  come  generateur  de  gaz  com¬ 
bustible  dans  les  statofusees.  La  vitesse  de  combustion  est  faible  de  l'ordre  de  0,1  nms~ ^  pour 
une  presaion  de  10  bars.  On  peut  augmenter  la  vitesse  de  combustion  des  propergols  heterogenes  en 
utilisant  des  cristaux  de  perchlorate  d'ammonium  tr£s  fins  de  l'ordre  du  um,  en  introduisant  des 
additifs  qui  aont  different®  de  ceux  utilises  avec  les  propergols  homog^nes  et  en  utilisant  des 
liants  oxygenea  qui,  come  l'indique  la  figure  b,  ont  des  vitesses  de  regression  plus  61evees. 
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Fig.  8  -  Differents  types  de  regime  de  combustion. 
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Bien  qu'on  dispose  a  l'heure  actuelle  d'un  large  eventail  de  niveaux  de  vitesses  de  com¬ 
bustion  des  recherches  sont  encore  necessaires,  tout  au  moins  pour  les  applications  militaires, 
pour  les  grandes  vitesses  de  combustion,  et  egalement  pour  une  meilleure  comprehension  des  para- 
metres  qui  agissent  sur  ce  niveau  de  vitesse  de  combustion  des  propergols  homogenes  et  het6- 
rogenes  dans  une  large  gamne  de  pression. 


b)  -  Exgosant_fT  de_ 1 a  pression  [7] 

Le  choix  de  l'exposant  est  conditionne  par  la  mission  du  propulseur  :  pour  des  missions  ne- 
cessitant  une  modulation  de  la  poussee  l'exposant  souhaite  sera  de  l'ordre  de  l'unite,  pour  des 
missions  a  grande  acceleration  on  choisira  des  propergols  a  haut  niveau  de  vitesse  mais  on  pla- 
cera  le  f onctionnement  3  la  fin  d'une  zone  de  survitesse  de  maniere  a  avoir  des  exposants  voisins 
de  zero  ou  meme  negatifs  ;  pour  des  missions  lanceurs  l'exposant  sera  de  l'ordre  de  0,3  a  0,4 
pour  limiter  en  particulier  le  couplage  entre  fluctuations  de  pression  et  fluctuations  de  debit. 
Le  constructeur  souhaite  done  trouver  une  large  gamme  de  propergol  avec  des  exposants  pouvant 
varier  de  0  a  I.  D'une  maniere  generate  on  sait  que  les  propergols  homogenes  dont  la  combustion 
depend  fortement  des  processus  chimiques  sont  tres  sensibles  a  la  pression  et  les  exposants  se 
situent  entre  0,7  et  1,  quant  aux  propergols  composites  pour  lesquels  la  diffusion  des 

especes  comburantes  et  combustibles  limitent  la  combustion, les  exposants  sont  plus  faibles  et  de 
l'ordre  de  0,3  J.0,4  (Figure  8). 


Comme  nous  l'avons  note  au  paragraphe  precedent  des  additifs  permettent  egalement  de  jouer 
sur  l'exposant  en  creant  des  zones  de  "plateau"  ou  de  "Mesa",  la  structure  de  la  surface  du  pro¬ 
pergol,  apres  arret  brusque  de  la  combustion,  permettant  de  mieux  comprendre  ces  domaines  de 
combustion  particuliers . 

Dans  le  cas  de  composite  par  exemple  il  existe  des  zones  dc  pression  (68  b)  ou  le  perchlo¬ 
rate  d' ammonium  (comme  l'indiquent  les  figures  6  et  9)  regresse  plus  vite  que  le  liant, 
la  vitesse  de  combustion  ne  depend  plus  de  la  pression  mais  de  la  distribution  du  rapport  de 
melange  (comburant-combustible)  3  la  surface  du  propergol.  La  structure  de  la  surface  change 
egalement  pour  les  propergols  homogenes  3  la  fin  de  la  survitesse,  c'est-3-dire  dans  la  zone  de 
"Mesa"  ;  les  figures  10A  et  I0B  font  apparaitre  cette  difference  de  structure  dans  la  zone  de 
survitesse  (  p  ■  30  b)  et  la  zone  de  "Mesa"  (  p  -  70  b)  correspondent  aux  courbes  de  vitesse 
de  combustion  de  la  figure  5.  Cet  examen  de  la  surface  permet  egalement  de  comprendre  les  expo¬ 
sants  £lev£s  obtenus  avec  des  composites  3  base  de  perchlorate  de  potassium.  La  figure  II  donne 
quelques  lois  de  vitesse  de  combustion  obtenues  avec  des  propergols  de  ce  type  et  la  figure  12 
indique  la  structure  de  la  surface  apres  arret  de  la  combustion,  on  observe  la  fusion  du  perchlo- 
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rate  de  potassium,  done  une  surface  beaucoup  plus  lisse  et  done  une  homogeneisat ion  des  gaz  a 
la  surface  et  une  diminution  de  1' importance  des  processus  de  melange  par  diffusion.  Get  examen 
de  la  surface  au  microscope  a  balayage  perraet  egalement  de  mieux  comprendre  le  me c anisine  de  com¬ 
bustion  des  propergols  composite-double  base,  cette  structure  est  donnee  sur  la  figure  13.  l.a 
situation  concernant  I'exposant  de  la  pression  est  resumee  sur  la  figure  14  indiquant  pour  les 
differents  types  de  propergol  mentionnes  plus  haut  la  valeur  de  I'exposant  ft  . 

c)  -  Influence  de_ la  temperature  ini t iale_du  bloc  [8] 

C'est  un  parametre  important  qui  limite  1 ' utilisation  des  propergols  soiides,  le  but  des 
recherches  etant  de  reduire  son  effet.  La  vitesse  de  combustion  peut  etre  representee  pour  tra- 
duire  l'effet  de  la  temperature  initiale  du  bloc  Ti  par  differentes  lois,  la  plus  classique 
etant  ^  a  ap*  9(Ti)  avec  9  (Ti)  »  -€  *  )  »  Tj  etant  une  temperature  de  reference  et 

oC  le  parametre  traduisant  la  sensibilite  de  la  vitesse  de  combustion  a  la  temperature  Ti  ; 
dans  les  etudes  theoriques  on  utilise  egalement  des  lois  approchees  lineaires 

f  +  — Tj*)  .  Si  on  admet  une  loi  de  regression  d'Arrhenius  at  - ^  >l»ul7b  j  s  ,T*i  » 

il  est  done  tres  difficile  d'eliminer  cet  effet.  II  existe  bien  des  catalyseurs  qui  dimi nuent*"*fa 
valeur  de  oi  mais  sans  plus  ;  contne  la  temperature  d’activation  des  reactions  de  surface  depend 
de  la  nature  du  propergol,  pour  un  propergol  donne  c'est  aux  faibles  valeurs  de  T*  ,  done  aux 
faibles  valeurs  de  la  vitesse  de  combustion  que  la  valeur  de  oC  est  la  plus  elevee  ;  il  est  dif¬ 
ficile  dans  cette  situation  de  reduire  1 'influence  de  Tj.  .  La  figure  J5  traduit  cet  effet,  la 
valeur  de  0<  etant  d'autant  plus  faible  que  la  pression  ou  la  vitesse  de  combustion  (en  tims-1) 
est  elevee.  Dans  les  applications  il  est  cependant  possible  de  reduire  le  changement  de  la  vitesse 
avec  Tt  en  utilisant  des  propergols  a  exposant  nul  ou  negatif.  La  figure  16  indique  la  diffe¬ 
rence  de  pression  que  l'on  peut  obtenir  pour  trois  temperatures  +50,  +20,  +31,5°C  pour  un  proper¬ 
gol  a  exposant  eleve  et  pour  un  propergol  au  voisinage  de  *  0,  la  pression  de  chambre  passe 
de  200  a  500  bars  pour  l'intervalle  de  pressions  obtenu  pour  le  premier  propergol  et  de  295  a 
325  bars  pour  le  deuxieme  propergol  a  "mesa".  Le  constructeur  peut  done,  en  jouant  sur  I'exposant 
de  pression,  reduire  l'effet  de  la  temperature  initiale  du  bloc  sur  la  performance  de  la  fusee. 


Fig.  9  -  Structure  de  surface  propergol 
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Fig  12  St  ricture  de  surface,  propergol  PK  PBC 
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d)  -  Influence  dc_l 'fcoulement  sur  la_vi tosse_de  combustion  19] 

L'fcoulemcnt  1  c  long  do  In  surfneo  change  la  vitessr  do  combustion  ct  rot  offot  pout  etre 
rcprdsontd  par  dos  lois  faisant  intorvonir  lo  dfbit  unitairr  dans  lo  canal  central.  I.'imporlant 
o »t  do  connaitre  cos  lois  dans  lo  ons  do  blocs  do  gforactrie  varies.  Cot  offot  do  1  'fcoulcmcnt  do 
gas  parallels  it  la  surface  ost  difficile  it  reprfsenter  pour  los  raisons  suivantes  : 

-  c'ost  tout  d'abord  un  problems  do  eouche  limits  avec  gradient  important  do  vitosso  ot 
injection  pariftale,  l'#coulement  lo  long  dr  la  surface  ft  ant  fourni  uniquemrnt  par 
I'injoetion  pariftalo,  lo  champ  acrodynamiqur  ost  done  tri's  cixnplexe  ; 

-  sous  I'action  do  la  vitosso  parallMe  it  la  surface  la  tone  garouse  ot ,  on  particulier,  la 
distribution  des  flarnmos  it  la  surface,  ost  perturbfe  ot  il  ost  difficile  do  tonir  compte 
do  cette  perturbation  dans  lo  transfort  dr  masse  et  d'energio  it  la  surface. 

Des  thforios  f lcmontaircs,  ot  pour  la  plupart  thormiques,  ont  #t#  flaboroes  qui  conduisont 
3  dos  lois  do  vitosso  do  combustion  assrz  pr#s  do  l'oxpfrienco  lorsqu'on  so  rapproche  do  l'cxtr#- 
mite  du  bloc. 

II  n'y  a  pas,  pour  l' instant,  d'oxplication  satisfai santo  on  ce  qui  concerns  I’offet  d'fro- 
sion  negative  it  l'extrfmit#  amont  du  bloc. 

Bien  quo  disposant  it  l' hours  actuollo  do  lois  ompiriquos  utiles,  dos  recherchoa  sont  encore 
nceessaires  sur  lo  plan  thforiquo  pour  connaitrc  avoc  plus  do  precision  los  lois  do  vitosso  do 
combustion  drosive  on  modflisant  l'effot  do  la  vitesso  parallels  it  la  surface  on  tenant  compte 
dos  reactions  chimiques  do  surface  dans  lo  cas  dos  proporgols  homogenes  ot  dos  processus  physi¬ 
ques  do  diffusion  et  do  l'h# tfrogono it#  dr  la  surface  dans  le  cas  dos  composites.  II  faut  tonir 
compte  fgalrmrnt  dans  lo  raodflo  do  la  turbulence  do  1 ' fcoulemont  ot  dos  tourbillons  so  d#vo lop- 
pant  pros  do  la  surface.  11  n'oxisto  pas  do  modi' lc  sat isfaisants  on  co  qui  concerno  l'effot 
d'frosion  dans  dos  canaux  do  petit  diamftro  (diametro  interne  de  quolquos  mi  11 imftros) . 

o)  -  Influence  de_r acceleration  1 10] 

La  structure  do  la  tone  de  combustion  pout  ?tro  perturbfe  par  l'effot  do  l'acc#l#rat ion  duo 
au  mouvement  de  la  fusfe  (acc# I#rat ion  longitudinale  on  asimutslc).  Cette  accflfration  agit  prin¬ 
cipal  emeu  t  aur  lea  eap?ces  densea  prfaentes  dans  lot  produits  do  cixnbustion  et  plus  particuli#- 
romont  sur  l'aluminium  ot  l'alumine  qui  so  trouvent  pr#s  do  la  surface.  Sous  l'effet  do  Is  vi- 
tosso  dos  gat  itaus  de  la  surface  en  combustion,  uno  particule  de  diamftre  D  ost  toumise  it  une 
force  duo  it  la  trafnfo  fgalo  it  : 

Ft  a  jnjt,  V,  D 

cette  memo  particule  dans  un  champ  d'accflfration  I  eat  aoumiso  it  uno  force  d'inertie  Fj  : 

F,  a  f,  « 

Lorsque  1 ’ accflfrat ion  agit  on  sons  inverae  do  la  vitesso  dos  gat,  lea  particular  ayant  un 
diamftre  supfriour  au  diamftro  critique  D*  : 

p*. 


Ill 


rett«nt  &  la  surface  ;  la  vitesse  des  gar  pour  une  fraction  massique  y»<  d ' aluminium  est  #gale 

v3  *  0-Y*«)  fv  Ub/f, 

Pour  fixer  lea  idies  loraque  (  eat  de  l'ordre  de  1 ' accilirat  ion  de  la  pesanteur  D* 
eat  de  l'ordre  de  100  A  300  u. 

Cea  particules  d'aluminium  et  d'alumine  reatant  &  la  aurface  aont  autant  de  pointa  chauda 
locaux  qui,  accAlArant  le  tranafert  thermique,  provoquent  loealement  dea  viteaaea  de  combustion 
plua  elevccs,  fonaant  ainai  dea  puita  dont  la  geometric  evolue  au  coura  du  temps  ;  l'effet  moyen 
ae  traduit  par  une  augmentation  de  la  vitease  de  combustion.  Lea  loia  donnant  cette  vitesse  de 
combustion  comparAe  A  la  vitease  de  combustion  sans  acceleration  aont  de  la  forme  : 

2*  .  »  Si  coi  e  ♦  f(*  —  «•*  «.*•  ♦  *  ]  ^* 

l/b.  *«  1  R* 

oO  0  eat  1'  angle  dAfini  par  le  vecteur  acceleration  et  la  normale  A  la  surface  du  propergol, 
<ar  •  Rt  •  st  lea  nombres  de  CRASHOF,  de  Reynolds  et  de  SCHMIDT  rvalues  dans  le  gar. 

L'effet  combine  d'unc  acceleration  longitudinale  et  azimutale  provoque  tin  mouvement  des  par- 
ticulcs  A  la  aurface  qui  modifie  encore  le  transfert  d'energie  A  la  surface  et  done  la  vitesse 
de  combustion  ;  il  eat  difficile,  en  dehors  de  1 'experience,  de  pouvoir  p red ire  cet  effet  combine 
sur  la  vitesse  de  combustion. 

Bien  que  l'effet  de  l ' acceleration  soit  important  dans  le  cas  des  propcrgols  solides  metal- 
lisea,  dea  accelerations  de  plus  de  100  g  peuvent  egalement  influencer  la  vitesse  de  combustion 
de  propergols  homogAnea  ou  heterogenes  non  metallises. 


2.2  -  Press ion_l  imi  te_d^al  lumage  { 1 1  ]  [121 

L'etudc  dr  la  presaion  limite  d'allumage  eat  intAreasantc  pour  deux  raisons  : 

-  une  raison  pratique  tout  d'abord  ;  A  1'heure  actuelle,  pour  augmenter  la  souplease  de  fonctionnement  des 
syatAmcs  de  propulaion  A  propergol  aolide,  dea  techniques  sont  devcloppees  pour  eteindre  et  rallumer  le 
propulaeur,  1'extinction  du  propulseur  ne  peut  etre  assurer  en  toute  securite  que  si  la  presaion  dans  le 
foyer  est  inferieure  A  la  presaion  limite  d'allumage  ; 

-  une  raiaon  acientifique  rnsuite  ;  bien  qu'on  s'Aloignc  des  conditions  normales  de  conibustion,  il  est 
important  de  connattre  lea  loia  qui  dAfinisaent  la  pression  limite  pour  dAfinir  le  bilan  Ane r gA t i que  A  la 
limite  d'extinction  ainai  que  pour  valider  les  modules  mathematiques  donnant  les  vitesses  de  combustion. 

On  peut  concevoir  un  critAre  d’extinction  basA  sur  la  notion  de  dibit  limite  critique  .  Une 

analyse  thAorique  unidimensionnelle  montre,  en  effet,  que  si  l'on  augmente  lea  pertea  de  dibit  critique 

varie  peu  de  aorte  que  l'on  peut  admettre  que  pour  il  n'y  a  plus  propagation  de  la  flam- 

me  et  le  propergol  a'iteint. 


Ce  critAre  a  iti  virifii  expirimenta lement  de  la  maniire  suivante.  La  tenpArature  initiate  du 
bloc  T[  *  une  groase  influence  sur  la  presaion  limite  d'extinction  Vl  •  Dana  le  cas  du  perchlorate 
d'aaaonium  le  dibit  unitaire  m a  eat  fonction  de  la  teaipirature  en  prenant  en  premiAre 

approxiaution  une  loi  (T()  de  la  forme  : 

9  (T« )  *  <  ♦  •*  Ti 

On  obtient  coaaae  condition  donnant  la  pression  limite  en  fonction  de  T[  ; 

*  mL  •  constante 


de  sorte  que  : 


*>l  a 


| 

{<♦  -  Ti)1 


Cette  loi  eat  en  accord  avec  les  riaultata  expirimentaux  (fig.  17).  Une  amilioration  de  la  corrA- 
lation  pourrait  Stre  obtenue  en  prenant  pour  9<T»)  une  loi  plus  conformc  A  la  rialiti. 

On  peut  trouver  un  autre  critAre  de  condition  limite  A  partir  de  la  condition  de  propagation  don- 
nie  par  ZELDOVICH  dans  le  caa  d' un  transfert  unidiamnsionnel . 


Le  flux  de  chaleur  qui  pinAtre  dans  le  solide  est  : 

1  *  V'C(T‘ 

It  est  possible  d'exprimer  Ti  en  fonction  de  Vg  avec 
parabolique  t 

9»  *  ftC  [T,Al]wk  -  ip, 


T‘), 

9(Ti).  1t*Tj 


on  obtient  la  loi 


1 


M2 


Pre ssion  limits 


Tj  etant  supposie  constants,  on  obtient  pour  chaque  pression  une  parabola  telle  que  celles  reprisen- 
tees  sur  la  figure  II.  Lea  maxiimuns  de  sont  situis  sur  la  droite  qL  - -f  fp  C  t  tj)  passant 

par  l'origine.  Cette  droite  correspond  S  une  meme  valeur  de  T;  .  Pour  une  meme  valeur  de  qj  on  obtient 
done  deux  valeurs  de  la  viteste  de  combustion  :  la  valeur  la  plus  faible  n'a  pas  de  rialite  physique  car 
le  aolide  n'eat  pas  suf fisamment  chauffi  et  la  combustion  ne  peut  se  poursuivre.  La  valeur  limite  de  pro¬ 
pagation  correspond  done  au  maximum  de  ou  encore  d  iSl  ■  0. 


La  condition  a'ecrit  alors 


\  t  Ti  />  v 

pount  |  ^  -  constants,  on  obtient  : 

Ot(Ts-Ti)<  1 


La  condition  s'obtient  en  supposant  (  Tg  -  Ti  )  constant.  Le  critere  est  un  peu  different  de 
celui  basi  sur  le  dibit  limite  rhL •  qui  est  plus  restrictif  commc  I'indique  la  figure  18.  Le  cri- 

tire  du  dibit  correspond  i  la  portion  AB  et  le  critere  de  ZELDOVICK  S  la  partie  BC .  II  faut  igalement  tenir 
cosg>te  de  la  variation  de  Tj  qui  est  fonction  de  Ti  de  sorte  que  la  nouvelle  condition  devient  : 

>♦($)»  '  1 

Ce  problfme  de  la  ditermination  de  la  pression  limite  d'extinction  est  d'une  grande  importance  et 
n'a  pas,  pour  l'inatant,  iti  abordi  aussi  bien  sur  le  plan  thiorique  qu' experimental  d'une  maniire  tres 
approfondie. 

Pour  conclure  ce  paragraphe  nous  ferona  quatre  remarques  : 

1/  dans  le  cas  d'une  dipresaurisation  lente  on  ne  change  pas  le  processua  riactionnel  et  dana  le  plan  de 
ZELDOVICH  on  se  diplace  suivant  une  droite  passant  par  l'origine  chemin  DE  et  le  processus  riactionnel 

i  . - . . . 


•*t  celui  du  tt|iM  permanent .  Par  contra,  dam  la  caa  d'une  depressur iaat  ion  rapide  on  pcut  admettre 
qua  vat  aensiblement  conatant  :  on  aa  deplace  auivant  la  droite  OF,  la  proceaaua  rdactionnel  chan 

ge  at  n'aat  plua  calui  du  regime  permanent.  Catta  influence  aur  la  preaaion  limite  du  /  d(  rat 

indiqude  aur  la  figure  19,  alia  augmente  avac  (  dp  /<lt  )  i  lea  prcaaiona  limitaa  d'allumage  ou 
d'eatinction  dependant  done  daa  conditiona  da  l'cxperience  ca  qui  paut  axpliquar  lea  divergencea  obser¬ 
ve  e  a  dana  lea  rdsultats  ;  certainaa  compositions  aont  trie  aanaiblaa  aux  additifa,  il  faut  done  atra 
aur  da  la  coaqroaition  chimiqua. 


Ftp  19  -  Extinction  par  iMprmsuriution 


2/  Lea  conditiona  d'extinction  dana  le  caa  d'un  propergol  composite  peuvent  ddpendre  du  rapport  da  melange 
local  an  particulier  da  la  regression  du  perchlorate  d' ammonium  diffdrente  de  cells  du  liant.  La  deter¬ 
mination  da  la  preaaion  limite  doit  tenir  compte  da  ca  rapport  de  melange  A  l'axtinction  pouvant  pro- 
voquar  1' arret  de  la  combustion. 

3/  La  recherche  da  propergols  A  preaaion  limite  d'allumage  elevle  eat  importante  pour  cartainea  applications 
oik  apres  extinction  du  bloc  la  rallumage  eat  pratiquement  exclu. 

4/  Cette  determination  de  la  preaaion  limite  de  deflagration  pourrait  egalement  ae  placer  dana  l'etuda  dr 
la  combustion  en  transitoire,  comae  elle  eat  trSs  pres  dea  conditions  da  vitaaae  de  combustion  en  regi¬ 
me  permanent  nous  avons  prefere  la  faire  figurer  dana  ca  paragraphe. 


2.3  -  Progaga tion_de_la_combuation_dana_lea_cavi t6s  l 13]  l 14] 

Par  suite  de  defauts  dana  le  bloc  au  coura  de  aa  fabrication,  aoua  l'effet  de  tension  au  moment 
de  l'allianage  ou  pendant  le  stockage  prolonge,  dea  fissures  peuvent  apparattre  qui  modifient  Involution 
de  la  combustion.  II  eat  done  important  pour  le  conatructeur  de  pouvoir  predire  lea  modifications  apportees 
A  la  combustion  par  suite  de  la  presence  de  ces  fissures.  T.  CODAI  a  etudi#  en  particulier  la  propagation 
de  la  flamme  en  considerant  differentes  geometries  de  fissures  ;  dans  ce  qui  suit  nous  distinguerons  deux 
caa  : 

-  orifices  A  section  circulaire  perces  dans  le  bloc,  le  canal  dtant  ferme  A  une  extremite, 

-  canal  ouvert  aux  deux  extremites  (figure  20). 


Propmrgol 


Propergol 


a)  ORIFICE  OU  FENTE  b)FENTE  AVEC  ECOULEMENT 
SANS  ECOULEMENT 


a)  -  Canal  ferme  A  une  extremite 

Une  telle  configuration  eat  representee  sur  la  figure  20a,  lorsqu'on  diminue  le  diaa£tre  de 
l'orifice  9  ou  l'epaiaseur  de  la  fente  rectangulaire,  on  aboutit  A  un  diameter  critique  «* 
au-deasous  duquel  il  n'y  a  plus  propagation  de  la  flamme  dana  le  canal.  Ce  diamAtre  ou  Apaia- 
seur  8*  eat  peu  sensible  1  la  temperature  initiate  du  bloc,  dAcrott  loraque  la  preaaion  aug- 


14 


mente,  et  crott  lorsque  le  pourcentage  en  aluminium  augmente.  On  obtient  une  asaez  bonne  corre¬ 
lation  loraqu'on  evalue  €*  en  fonction  de  la  viteaae  de  combustion,  C*  diminuant  loraque  la 
vitease  de  combustion  au^ente.  T.  COO  A I  a  donn£  ^interpretation  auivante  :  considerons  une  f  is- 
aure  de  longueur  L  et  d'fpaisseur  C  ,  le  taux  d'bnergie  liberie  par  unity  de  surface  eat 
igal  1  Ah,  oil  ^  eat  la  maase  volumique  du  propergol,  Ahj  l'energie  liberee  par 

unity  de  maase  1  la  surface.  La  perte  eat  proport ionne lie  au  gradient  de  temperature  4  la  sur¬ 
face  et  igale  4  : 

Z  L  A 


Tf-T« 

T7F 


X  eat  la  conduct ibiliti  thermique,  T f  la  temperature  de  la  flamme  et  Ts 
ture  4  la  surface.  En  egalant  les  deux  expressions  on  determine  la  valeur  critique 


la  tempera- 

C*  de  «  : 


e*<x 


X(Tf-Ts) 


cette  relation  indiquant  que  C*  est  inversement  proportionnel  4 


Vb  . 


II  nous  paraTt  plus  rationnel  de  definir  la  propriety  de  propagation  4  partir  de  la  conside¬ 
ration  de  temps  caractiristique.  Le  transfert  de  masse  et  de  chaleur  4  la  surface  et  provenant 
du  gaz  est  caracterise  par  un  temps  de  diffusion  ou  un  temps  thermique  qui  lui  est  equivalent  si 
on  suppose  le  nombre  de  LEWIS  egal  4  l'unite,  on  obtient  : 


y.  e 

*  T 


e 


itant 
le  gaz. 


le  coefficient  de  diffusion  et  le  coefficient  de  diffusivite  thermique  dans 


Le  transfert  de  chaleur  dans  le  solide  est  caracterise  par le  temps  thermique  : 

Tth  ; 

TV 

oil  A  p  est  le  coefficient  de  conductivity  thermique  dans  le  solide  et  C  sa  chaleur  speci- 
f  ique . 

II  y  aura  propagation  si  le  temps  de  diffusion  est  suf fisanment  long  par  rapport  au  temps 
thermique  : 

'ts  >  Tm 


c'est-4-dire  si0^JJ  est  suffisamment  grand  par  rapport  au  temps  thermique. 
La  valeur  g*  peut  etre  definie  pour  ou  encore  : 


e  *  <>t 


_1_  JnKTf  ^  j  Aft  A 

P  VffCCp 


On  retrouve  bien  la  correlation  de  T.  GODAI  (fig.  21).  Si  le  temps  de  diffusion  n'est  pas 
suffisant  il  n'y  a  pas  de  propagation  possible. 

Les  resultats  qualitatifs  deduits  de  l'experience  sont  retrouves  :  l'epaisseur  C*  est 
inversement  proportionnelle  4  Vb  ,  augmente  avec  Tf  et  varie  peu  avec  la  temperature  initiale 
du  bloc. 


Un  autre  probleme  lie  4  la  propagation  de  la  flamme  dans  une  fissure  est  celui  de  la  propa¬ 
gation  de  la  fissure  sous  l'effet  de  la  pression.  Cette  pression  est  fonction  de  son  £paisseur  e 
et  de  sa  profondeur  L  ■  sous  l'effet  du  debit  brul£  plus  important  que  le  debit  sortant  de  la 
fissure,  la  pression  dans  la  fissure  est  plus  importante  que  celle  du  foyer  ;  cette  pression 
peut  etre  suffisante  pour  ecarter  les  levres  et  provoquer  une  propagation  de  la  fissure  dans  le 
bloc.  On  peut  ainsi  definir  une  epaisseur  critique  qui  conditionne  la  propagation  de  la  fissure. 

La  pression  Vc  dans  une  fissure  depend  du  parametre  2L  /c  .La  surpression  maximale 

APfni)i  ,  entre  pc  et  la  pression  dans  la  bombe  ou  s'effectue  la  combustion  est 
donnee  par  une  relation  de  la  forme  (voir  figure  22)  : 

*  (2L/«)/(2L/.)cr- 

en  introduisant  une  valeur  (2L/C  )  critique  pour  laquelle  A |> ■  0,1  p©  .  Cette  valeur 

de  APma,  est  supSrieure  4  celle  donn£e  par  une  theorie  elementaire  : 


obtenue  4  partir  du  bilan  de  quantity  de  mouvement. 

Sous  l'effet  de  la  pression  le  propergol  peut  se  dyformer  de  J  »  ®.  etant  l'epaisseur 
initiale  : 


« »  e.  ♦  z  s 
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•'mm 


«vec  :  S  ,  L.(  i  -  V)1 


oil  EL  est  le  module  d'elasticitf  et  V  le  coefficient  de  Poisson  . 

Si  la  deformation  eat  suffitante  la  fiaaure  peut  se  propager,  il  existe  peu  de  rlsultats  sur 
la  propagation  dea  fiaaurea  aoua  l'effet  de  contraintea  durant  un  temps  tres  court,  il  eat  ndces- 
aaire  de  tenir  compte  ici  du  facteur- tempa  car  l’excia  de  preaaion  dans  la  fissure  du  S  la  ccra- 
bustion  dure  un  tempa  de  l'ordre  du  centidme  de  aeconde. 

b)  -  Canal  ouvert_aux_deux  extrfmitfa 

Dana  cette  configuration  un  dcoulement  gazeux  peut  alors  s'etablir  3  l'intfrieur  du  canal, 
le  tranafert  de  maaae  et  d'energie  &  la  aurface  du  propergol  se  fait  alors  par  convection  et  la 
propagation  de  la  flamme  dans  le  canal  oO  la  fissure  est  regie  par  les  memos  phenomenes  qui  con- 
ditionnent  l'allumage  d'un  bloc  de  poudre  (fig,  20b). 


3  -  RECHERCHES  PORTANT  SUR  LA  COMBUSTION  EN  REGIME  THAN SI TO IRE 

3.1  -  E°U££i2D_I^E2D!£_^*_ii_S!ilf®£*_du_Erogergol_en_cgmbust ion  [15]  il  (28J 

En  regime  transitoire  il  eat  important  de  connattre  la  fluctuation  de  debit  unitaire  bruie  con¬ 
secutive  1  une  fluctuation  de  preaaion  ou  une  fluctuation  de_l'ecoulement  paralltle  J  la  surface.  On  pose 
pour  le  debit  unitaire  m  >  IS  ♦  m’  ,  pour  la  preaaion  ^Ta  p  ♦  p*  et  pour  la  vitesae  U  >  U  e  u' 
faisant  intarvenir  lea  grandeurs  moyennea  et  fluctuantea.  Sous  une  forme  linearisee,  la  fonction  reponae, 
en  sgparant  l'effet  de  la  preaaion  de  l'effet  de  la  viteaae,  s'ecrit  : 


l-lh 


Rp  comportant  une  part ie  rSelle  V  et  une  partie  imaginaire  R„  j  ,  il  en  eat  de  me  me  pour  Ru  . 

Dana  tout  problAme  tranaitoire  lea  fonctiona  de  R*  et  Ru  interviennent,  cea  problemes  tran- 

aitoirea  concernent  l'allusage,  l'extinction,  la  modulation  de  la  poussAe  et  principalement  lea  instabi- 
litea  de  coaibuetion  ;  la  connaiaaance  de  et  Ru  a  autant  d' importance  en  regime  tranaitoire  que 

celle  de  la  viteaae  de  combuation  en  regime  permanent. 

D'une  maniere  plua  generate  le  conatructeur  eat  int£reaa£  par  la  valeur  de  la  viteaae  de  com¬ 
buation  en  tranaitoire  aoua  une  forme  valable  quelle  que  aoit  l'amplitude  dea  fluctuationa  c'eat  le  caa 
pendant  la  phaae  d'allumage  ou  d'extinction,  pendant  une  modulation  de  poussAe  ou  pendant  le  fonction- 
nement  inatable  du  propulaeur.  Examinona  brievement  comment  ce  probleme  a  Ate  aborde  aur  le  plan  experi¬ 
mental  et  aur  le  plan  thAorique. 

-  Recherchea  experiment ale»  : 

La  determination  experimental  de  la  fonction  reponse  se  fait  par  lea  technique8  classiquea 
utiliaeea  en  inatationnaire .  Dana  le  caa  dea  propergola  aolidea  on  diatingue  deux  typea  de  methodea  : 

-  cellea  qui  exploitent  le  fonct ionnement  inatable  du  propulaeur  (propulaeura  L*.  propulaeura 
en  T,  propulaeura  rAels), 

-  cellea  qui  provoquent  dea  regimea  transitoirea  :  techniques  de  l'impulaeur,  de  1 'echelon,  ou 
de  la  modulation  ainuaoidale  de  la  aection  du  col  de  la  tuyere. 

Le  deuxieme  type  eat  plua  intereaaant  car  il  permet  de  balayer  une  plua  large  bande  de  frA- 
quencea  ;  une  technique  dAveloppAe  A  l'ONERA  conaiate  A  moduler  la  aection  du  col  de  la  tuyere  par  un  die- 
que.  Lea  deux  propulaeura  utiliaea  aont  representAs  aur  la  figure  23.  Le  bloc  de  propergol  du  premier  eat 
A  combuation  frontale  de  maniAre  A  evaluer  uniquement  la  fonction  de  tranafert  *►  ,  l'effet  de  la  viteaae 
Atant  negligeable.  Le  deuxieme  propulaeur  utiliae  un  bloc  de  propergol  tubulaire  a  combuation  radiale.  Dans 
ce  caa,  par  auite  dea  fluctuationa  de  viteaae  dana  le  canal,  il  eat  poaaible  de  voir  l'effet  du  couplage 
fluctuation  de  viteaae,  fluctuation  de  preaaion.  Une  paroi  tranaparente  (figure  24)  permet  d'obaerver  la 
zone  de  combuation  pendant  la  modulation.  Lea  aeulea  mesurea  aont  dea  me8urea  de  preaaion  &  court  temps  de 
r£ponse  en  plusieurs  points  du  propulaeur  et  la  mesure  du  dAphasage  entre  la  fluctuation  de  preaaion  et 
la  audulation  du  col  de  la  tuyAre.  A  partir  de  la  mesure  de  l'amplitude  de  la  pression  et  du  dAphasage 
entre  la  fluctuation  de  la  preaaion  et  du  disque  modulateur  il  eat  possible  de  deduire  la  partie  reelle  et 
la  partie  imaginaire  de  la  fonction  reponse. 
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Fig  23  -  Propulseurs  ONER  A  d'itude  de  la  fonction  de  transfert. 


Chambre  a  parois  transparentes  Propulaeur 
avec  modulation  bloc  tubulaire  a  bloc  frontal 


A  c3t£  de  cea  methodea  de  mise  en  oeuvre  et  d' interpretation  complexe,  on  dispose  de  techniques 
plua  aimples  permettant  d'avoir  dea  donn4es  aur  la  viteaae  de  combustion  en  regime  transitoire  ;  c'est  le 
caa,  par  exemple,  dea  propulaeura  A  temps  de  combustion  court  (quelques  dizaines  de  millisecondes) .  Nous 
donnons  aur  la  figure  25  une  de  cea  techniques  qui  conaiate  A  placer  1 ' 4chantillon  de  propergol  dans  une 
bombe  dana  laquelle  on  peut  faire  varier  le  volume  de  l'lchantillon  et  le  volume  mort.  Cette  bombe  eat 
£quip£e  d'un  tranaducteur  ultraaonore  pour  meaurer  en  coura  de  combustion  la  Vitesse  de  regression  de 
l'Cchantillon,  d'un  capteur  de  preaaion  A  court  temps  de  reponse,  d'un  systAme  d'allumage  de  la  surface  du 
propergol  et  d'un  systAme  de  mise  en  pression. 
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Fig  25  -  Dispositif  <f 'stud*  da  ta  mass a  dr  combustion  dm 
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Fig  25  —  Vitassa  do  combustion  dm  homoginm  comparison  dm  dtpouillamants  ISO  1 152.  h  -  1001. 


April  la  Disc  1  feu  du  propergol,  la  pression  monte  dans  la  bombe  et  la  rapiditA  de  cette  mon- 
tie  depend  du  volume  mort.  On  determine  done  la  vitesse  de  combustion  en  fonction  de  p  et  du  dp  /dt  . 
Ces  rAsultats  sont  portes  sur  la  figure  26,  la  vitesse  de  combustion  est  donnAe  en  fonction  de  la  pression, 
on  note  une  nette  difference  entre  la  vitesse  de  combustion  mesurAe  en  transitoire  A  partir  de  l'epaisseur 
de  combustion  0b  et  celle  dAterminAe  en  rAgime  permanent  (strand  burner).  En  partant  des  equations  du 
bilan  de  masse  et  du  bilan  d'Anergie  et  de  la  mesure  de  la  pression  dans  la  bombe,  on  peut  determiner  la 
vitesse  de  combustion  en  transitoire,  cette  mesure  est  diffArente  de  celle  obtenue  A  partir  de  mon- 
trant  lea  difficulty  d' interpretation. 


forme  : 


Toutes  ces  techniques  de  mesure  de  la  vitesse  en  transitoire  aboutissent  A  des  relations  de  la 


«b  »  vb  /  1  ♦  b 


at 


b  est  un  paramAtre  caractAristique  du  propergol  et  dApend  de  l'exposant  A  de  la  pression, 
est  la  diffusivitA  thermique  du  propergol  et  «b.  1.  vitesse  de  combustion  du  rAgime  permanent.  Lea  li 
de  ce  type,  quoique  approchees,  sont  trAs  utiles  pour  l'Atude  du  fonctionnement  en  transitoire. 


Recherches  thAoriques  : 

Elies  portent  sur  deux  types  d' analyse  : 


a)  -  une  description  aussi  precise  que  possible  des  Atapes  de  combustion  suivie  d'une  lineari¬ 
sation  des  Aquations  instationnaires  dAcrivant  ces  Atapes  ; 

b)  -  une  Atude  non  linAaire  du  transfert  de  chaleur  dans  le  solide  en  faisant  1'hypothAse  que, 
dans  le  gax,  la  rAponse  eat  suff isimmint  courte  pour  qu'il  soit  possible  d’utiliser  les  rAsultats  du  rAgime 
permanent . 


-  1.' ensemble  des  theories  du  premier  type  conduit  k  des  expiessions  £quivalentcs  du  proper¬ 
gol  qui  peuvent  etre  mises  sous  la  forme,  «n  ce  qui  concerne  la  reponae  du  propergol  : 

ft  AB  ♦  r\j  (^‘0 
4*  Jj.  -  (A.^eAB 

ou  r\,  est  I'exposant  de  la  pression  dans  la  loi  des  vitesses  de  combustion  du  regime  permanent, 

rig  est  I'exposant  de  la  pression  dans  la  loi  de  pyrolyse  du  solide  (comburant  et  liant) 

^  est  un  parametre  qui  est  en  relation  avec  la  cinetique  de  pyrolyse 

A  I  i  _  -£.)  IX 

T*  '  TS 

T\  est  la  temperature  du  bloc,  Tj  est  la  temperature  moyenne  a  la  surface  du  proper¬ 
gol,  la  temperature  d'activation  de  la  loi  de  pyrolyse  ;  B  est  un  parametre  caract^rist i- 

que  de  l'lnergie  £  hj  mise  en  jeu  a  la  surface  du  propergol  : 

c»  Ti  _  A  h— 

B-  c  -?T 

i.-2- 

fj 

est  la  chaleur  specif ique  du  gaz  et  C  eeile  du  propergol. 

La  variable  de  Laplace  A  est  solution  de  liquation  du  deuxieme  degre 

A  (4  -  A  )  S  t  tth  «  *■  Si. 

ou  intervient  le  temps  thermique  ^  ^  quotient  de  la  diffusivit£  thermique  du  pro¬ 

pergol  xF/fV  c  par  le  carr£  de  la  vitesse  de  combustion  (  X>  b  -  rn  )  . 
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700  900 
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Fip  If  -  Variations  da  Rp,  at  Rp,  avac  la  frequence. 


La  figure  27  donne  les  variations  de  la  partie  r£elle  et  imaginaire  de  Rb  en  fonction  de 
la  frequence  N»  co/2  n  pour  une  valeur  de  A  •  10  et  pour  deux  valeurs  de  B  (  B  *  0,b2  et 
0,65).  On  observe  un  maximum  pour  la  partie  rlelle  correspondent  A  la  frequence  pour  laquelle  le 
propergol  poaadde  le  maximum  de  sensibilitA.  Cette  application  souligne  ^importance  de  B  sur  ce 


-  Le  deuxiAme  type  est  basA  sur  une  methode  due  A  ZKLDOVITCH.  La  vitesse  de  combustion  est 
fonction,  en  regime  permanent,  des  trois  paramAtres  principaux  :  la  pression  ,  la  temperature 
initiate  du  bloc  Ti  et  l'effet  d'Arosion  E*  , 

Ti.  .  £•)  5 


1-19 


il  en  eit  de  meoe  de  la  temperature  de  surface  Tj«  et  de  la  temperature  de  fin  de  combustion  Tp " 
fonctions  des  acmes  paramitres  ;  ces  trois  fonctions  (  Ok*,  T,#  ,  Tr*  )  conduisent  A  definir 

a  j..:  _ _ « _ _ ..‘i.1 1 _ _ •  _ «  i _ _  .  _  > 


9  paramitres  traduisant  leur  sensibilite  aux  variables  9.  ,  T; 


La  temperature  de 


surface  peut  etre  lile  1  la  vitesse  de  combustion  par  une  loi  type  Arrhenius  qui  est  iuppo.ee 
valable  en  regime  instationnaire  Vg*i  /  T*.  )  ce  qui  a  pour  effet  d'fli- 

•iner  une  equation.  Le  terme  d'irosion  £*  depend  du  dibit  unitaire  f  U*  des  gaz  dans  le 
canal  central  et  du  coefficient  de  frottement  1  la  surface  Ci  fonction  du  nombre  de  Reynolds 
local  : 


E--_ 


fa* 


P*»b' 


‘a  Cf‘ 


«/* 


La  temperature  initiate  qui  est  un  parametre  du  propergol  peut  etre  lliminle  en  fai- 

sant  intervenir  le  bilan  d’fnergie  A  la  surface  ;  en  regime  permanent  T(,  est  Igal  A  : 


T.*  . 


OU 


[p  C  -o* 


f* 


1  • 

esc  le  gradient  de  temperature  dans  le  solide  en  regime  permanent. 


Nous  pouvons  construire  un  systdme  de  trois  fonctions  »V  •  V  .  V 
parametres  t  f •  ,  E *  qui  se  situent  dans  le  gaz  ou  a  la  surface  du  p 

i  : •  * _ -  _ • 


lisables  en  regime  instationnaire. 


fonctii 

propergol, 


de  trois 
lone  uti- 


En  effet  la  methode  de  ZELD0V1TCH  consiste  &  admettre  que  le  gaz  repond  instantanement  d 
toute  perturbation,  dans  cette  zone  il  est  done  possible  d'utiliser  toutes  les  donnees  du  regime 
permanent,  seule  reste  instationnaire  l'dquation  de  propagation  de  la  chaleur  dans  le  solide 
qui  est  de  la  forme  : 


,  :i| 

V*t  1 

Ay  ’ 

1  Ay 

la  direction  y  etant  perpendiculaire  d  la  surface  et  Og  etant  le  flux  rayonne  ;  les  conditions 
limites  d  la  surface  sont  la  temperature,  Ts  fonction  du  temps  ainsi  que  le  gradient  f  de  la 
temperature  (£r|s  *  f  ) .  La  demarche  est  alors  la  suivante,  la  vitesse  de  combustion  en  regime 
permanent  est  ae  la  forme  :  •  f  (M)  9(T*)  H  (  t)  avec  h^e)  par  exemple 

h  .  4^  Cf  * 

Pf  *  r 

Ti. 


de  sorte  que 


(foo  ) 


si  on  admet  de  plus  que  la  vitesse  de  combustion  et  la  temperature  de  surface  sont  lides  par  la 
condition  d* Arrhenius  les  conditions  aux  limites  s'ecrivent  : 


(  r  ?*C 

•'  V 


It.- 


Tas 

l°9e,T- 


Tas  -  3 

7  '1 1 

Urn  *  3 

1 

= 


f  (ub  .  f>>  0 


Nous  plaqant  a  la  surface  du  solide  avec  des  fluctuations  connues  de  ^(t)  et  E  (  t)  , 

1 '  integration  de  l'equation  de  propagation  de  la  chaleur  conduit  &  la  determination  de  U^(t)  • 
La  figure  28  indique  les  variations  dans  le  temps  de  la  vitesse  de  combustion  en  fonction  de 
fluctuations  sinusoldales  de  la  pression  pour  deux  niveaux  d' amplitude  IZ  et  10Z.  Ces  quelques 
remarques  traduisent  1 ' orientatioi.  .Jes  recherches  avec  d'une  part  le  developpement  de  theories 
lineaires  decrivant  de  mieux  en  mieux  lv Evolution  de  la  combustion  et  d'autre  part  1 'elaboration 
de  theorie  non  lin£aire  portant  sur  des  noddles  simplifies.  La  connaissance  de  la  fonction  rdpon- 
se  du  propergol  va  nous  permettre  d'aborder  les  problemes  du  regime  transitoire. 
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fig  28  -  Rtponse  4  une  S  volution  si nu  sot  dale  de  la  pression. 


3.2  -  Allumage  du  propulseur  [  I J 

Le  region'  trnnsitoire  de  l'allumage  pout  ctrc  analyst  par  des  techniques  analogues  A  relies  que 
nous  venons  de  dlcrire  et  il  cst  possible  d'utiliser  la  fonction  rlponse  du  propulseur  lorsque  tout  lc 
bloc  est  allurnc  ;  il  reste  A  Itudier  la  phase  avant  I'allicnage  complet  de  la  surface  ;  il  faut  en  effet, 
au  mo  yen  d*un  dispositif  d'allumage,  remplir  le  canal  de  gaz  rhauds,  transmettre  de  l'lnergic  a  la  surface 
du  propergol  par  convection  et  rayonnement .  Ce  dispositif  d'allumage  Itant  placl  A  l'extrlmitl  du  propul¬ 
seur  il  faut  tenir  compte  de  la  repartition  dans  le  temps  et  I'espace  du  flux  de  chnleur  transmis  A  la 
surface  A  partir  de  laquclle  on  pent  admettre  que  le  propergol  est  alluml  et  ('•met  des  gaz  chauds  A  la  tem¬ 
perature  de  fin  de  combustion. 

Cette  analyse  a  pertnis  de  calculer  les  courbes  de  montle  en  pression  et  de  dlfinir  correct ement 
le  dispositif  d'allumage  cnractlrisl  par  le  dibit  de  produits  de  combustion  emis  et  son  temps  de  fonction- 
nement . 

Kxaminons  quelques  probllmes  particuliers  de  l'allumage. 

a)  Les  delais  d'allumage  de  la  plupart  des  propergols  sont  inversement  proport ionne Is  au  carrl  du 
flux  incident,  cette  loi  a  etc  verifier  par  de  nombreuscs  experiences  ;  la  figure  29  indique  par  rxemplr 
les  rlsultats  obtenus  sur  un  propergol  composite  jusqu'A  des  flux  de  50  cal .em'^s”* #  les  flux  Itant  mesu- 
res  sur  des  Ichanti lions  ou  sur  des  blocs  riels.  Ce  rlsultat  indique  1' importance  du  debit  de  l'allumeur 
sur  les  dllais  d'allumage  et  permet  de  prlciser  ce  dibit.  De  cette  manilre  l'Mlumeur  peut  etre  cnractlrisl 
par  le  dibit  correspondant  au  delai  choisi  et  par  le  temps  de  fonct ionnement  de  l'allumeur  suffisant  pour 
remplir  la  cavitl,  couvrir  toute  la  surface  du  propergol  et  assurer  un  allumage  complet  de  toute  la  surface. 

b)  Bien  que  des  progrls  substantiels  ont  Itl  rlalisls  et  qu'une  modi li sat  ion  correcte  du  proces¬ 
sus  soit  actuel 1 ement  possible,  l'allumage  des  petits  propulseurs  pose  encore  quelques  probllmes.  Ce  type 
de  propulseurs  est  representl  sur  la  figure  30a;  ils  sont  caractlrisls  par  de  grandes  surfaces  de  coo- 
combustion  pour  un  volume  donnl  et  des  temps  de  combustion  courts  ;  le  bloc  est  constitul  par  un  fagot  de 
tubes  de  quelques  millimetres  de  diamltre  interne  ou  par  des  lamellos  trds  rapprochles.  Les  courbes  de 
pression  obtenues  sont  donnles  sur  la  f igure  30b  pour  les  blocs  tubulaires  et  les  blocs  lamellaires  ;  ce 
type  de  bloc  ne  fonct ionne  pratiquement  qu'en  regime  rransitoire.  Pour  diverses  raisons  l'allumeur  est 
place  cotl  tuylre  et  la  complexitl  des  probllmes  provient  de  ce  que  la  surface  de  propergol  A  initier  est 
grande  par  rapport  au  dibit  de  l'allumeur  et  qu'il  est  difficile  de  prlvoir  la  progression  des  jets  chauds 
et  done  la  progression  de  l'allumage  qui  conditionne  l 'evolution  du  dibit  dans  le  temps. 

Comne  les  canaux  sont  Itroits  (quelques  millimetres)  les  effets  des  couches  limites  sont  prl- 
pondlrants,  ces  effets  ont  lieu  en  Icoulement  trnnsitoire  avec  penetration  du  jet  chaud  de  l'allumeur  dans 
une  direction  puis  Itabl issement  de  1' Icoulement  de  gaz  de  combustion  du  propergol  dans  une  direction 
opposle.  Pour  dlcrire  un  peu  mieux  l'lcoulement  et  analyser  les  mccanismes  prlpondlrants,  on  utilise  des 
propulseurs  A  voyant  comne  celui  qui  est  reprlsentl  sur  la  figure  31,  la  progression  de  la  combustion  est 
Itudile  dans  un  canal  de  3  ran,  lc  propulseur  est  Iquipl  de  capteurs  de  pression,  de  photodiodes  et  de 
f luxmet res . 

Comne  ces  propulseurs  sont  de  petites  dimensions  leur  mine  au  point  est  effectule  en  multi- 
pliant  le  nombre  d'essais,  il  scrait  prlflrable  d'amlliorer  les  modules  de  prldiction  de  l'lvolution  de  la 
pression  par  des  recherches  analytiques  plus  poussles. 

c)  Nous  avons  vu  que  pendant  la  phase  d'allumage  il  Itait  possible  d'utiliser  la  vitessc  de  com¬ 
bustion  du  rlgime  transitoire,  une  autre  difficultl  provient  de  ce  qu'il  faut  tenir  compte  egalement  de  la 
chalcur  introduite  dans  le  propergol  pendant  la  phase  d' initiation  de  la  combustion,  e'est  un  probllme  ana¬ 
logue  A  celui  traitl  au  paragraphe  3.2  mais  qui  so  complique  ici  par  son  caractdre  tr i di mens ionne 1  avec 
comne  conditions  aux  limites  une  distribution  dans  le  temps  et  I'espace  du  flux  de  chnleur  apportl  A  la 
surface  du  propergol  par  le  jet  issu  de  l'allumeur. 

d)  Nous  laissonsde  cotl  tous  les  probllmes  splcifiques  qui  Apparaissent  dans  la  dlfinition  de 
l'allumeur  et  dans  la  recherche  pour  chaque  application  de  l'allumeur  optimal. 
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3.  J  -  fist  hict  ion_du_pro|;ulaeur  I20)  ( 30) 

Noua  avona  dljA  abordf  or  problltne  ao  nivrau  dr  l 'f chant  1 1 Ion  dana  Ir  paragvaphr  conaacrf  aux 
preaaione  l  itai  tea .  L' eat inct ion  du  propul  arm  prut  ft  ro  obtrnur  pat  one  deprraauriaat ion  tapidr  realiaoe  pat 
agrandieaemeut  du  col  ou  aatinction  d'unr  partie  dr  la  aurfaor  dr  cotabuation  par  injrrtion  d'rau. 

Ce  p rob  1  for  da  I'rxtinction  du  propularur  prut  ftrr  nbordl  dana  aa  prroiifrr  phaar  rn  introduiaant 
la  (onction  rfponar  donnfr  an  f  3.1.  On  nolr  orprndant  don  phfnoatnea  complexen  pendant  la  phaar 
d'ratinction  ootnme.dana  Ir  can  dra  propergola  rompoaitea  one  augmentation  dr  la  luminoai tc  it  la  aurfaor 
pendant  la  dCpreeaurieat ion  dur  A  I '  Itcterogruei  tl  du  propergol  rt  Cgalement  tine  variation  locale  du  rapport 
de  mllnnge,  la  lol  du  dibit  tie  pyrolyee  du  liant  variant  en  function  du  t  rmpa  d'unr  manilte  difffrrntr  dr 
celle  du  perchlorate  d '  aanon  i  tan .  II  rat  difficile  dana  l'ftat  act  no  I  dr  non  connai  aaancra  dr  trnir  comp  ti¬ 
de  ora  phi nomine a  oaia  or  probleme  ana  abordl  pitta  rn  ditail  ait  coura  dra  prochainea  aeancra. 


3.4  -  Propulaeur  moduli  131) 

Noua  avona  vu  qu'il  itait  poaaible  au  banc  d'caaai  da  moduler  lc  dibit  d'un  propulaeur  en  faiaant 
variar  piriodiqueaent  la  aaction  du  col  de  la  tuyire  at  daa  riaultata  intireaaanta  ont  it i  obtenua  pour 
diterminer  la  fonctign  da  tranafart  du  propergol.  La  rigime  da  fonctionnement  d'un  propulaaur  moduli  depend 
du  paramitre  da  UAMKOHLER  difini  par  la  rapport  d'un  tempa  caractirietique  t(  lii  au  tempa  da  aijour  daa 
gax  brulaa  dana  la  foyer  3  un  tempa  thanaiqua  t  ^  lii  au  tranafart  tharmiqua  dana  la  propergol.  tc  «»t 
la  conatanta  da  tampa  du  foyar  : 

t  «  M* 

tes7  ^ 

ou  M*  aat  la  maaaa  daa  gax  contanua  dana  la  foyar  at  la  dibit  bruli.  S  la  rapport  daa  chaleura 

apicifiquaa.  La  tempa  tharmiqua  aat  igal  i  : 


?pC 

La  pirioda  da  awdulation  itant  T  ,  laa  diffiranta  rigiaiea  de  fonct ionnament  du  propulaeur  moduli 
pauvant  atre  decrita  dana  la  plan  [t/^  f  T/jt  ]  d*  '*  figure  32. 

Loraque  la  pirioda  J  aat  petite  davant  e'eat  la  domaine  de  I'acouatique  avec  propagation 

d'ondea  at  loraque  la  piriode  T  eat  grande  par  rapport  &  tc  toua  lea  paramitrea  aont  en  phaae,  e'eat 
la  doauine  de  "baaae  frequence"  en  diatinguant  deux  xonea  par  rapport  4  la  droite  Pi  ■  I  celui  dea  gran- 
dea  viteaaea  da  combuation  pour  laqual  Dj  >  1  ct  celui  dea  faiblea  vitcaaca  Dj  <  I  ce  dernier  conduiaant 
aux  amplitudea  de  preaaion  laa  plua  grandea  (figure  33). 

Ca  demaina  da  propulaaur  moduli  aat  bian  itudii  aur  le  plan  expirimental  et  aur  le  plan  thiorique 
maia  un  groa  effort  raata  4  fair a  dana  l'analyae  du  couplage  preaaion-viteaae,  dana  l'ivaluation  dea  pertas 
et  aur  le  plan  thiorique  dana  l'analyae  non  liniaira  daa  phinominea. 


\  *  J  bas/e^friquence  yDj.1 
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3.5  -  Instability*  de  combustion  [ 32 J  [ 33 J 

L' object  if  des  recherches  dans  ce  domaine  est  de  pouvoir  prevoir  sur  plan,  les  domaines  de 
fonct ionnement  instable  du  propulseur  ;  bien  que  les  travaux  present#*  aux  paragraphes  3.1  et  3. A  consti¬ 
tuent  une  voie  promet teuse  pour  atteindre  cet  objectif  on  ne  peut  encore  conclure  en  toute  certitude.  II 
est  possible  d* avoir  pour  un  propergol  la  r£ponse  a  des  fluctuations  de  pression  et  de  vitesse  ;  on  connait 
pour  ce  propergol,  le  domaine  de  frequence  oO  des  instability*  sont  a  craindre  ;  on  connait  #galement  dans 
le  domaine  acoustique  les  frequences  carac teristiques  du  propulseur  pendant  tout  son  fonct ionnement  ;  dans 
le  domaine  dit  "de  basse  frequence"  on  peut  determiner  s'il  y  a  possibility  df amplification  ou  d'amortis- 
sement  ;  on  sait  dans  certains  cas  prevoir  l'effet  d'£chelle  et  retrouver  en  partant  d'essais  h  echelle 
reduite  les  domaines  instables  du  propulseur  &  echelle  grandeur  et  evaluer  les  frequences  ;  mais  on  ne 
peut,  dans  l'etat  actuel  de  nos  connaissances,  que  donner  des  tendances.  Une  des  difficulties  decoule  d'une 
imprecision  dans  devaluation  des  gains  et  des  pertes  et  comne  le  domaine  df instability  est  defini  par 
la  difference  entre  gains  et  pertes,  ce  domaine  est  done  extremeuent  flou.  Mais  des  progres  constants 
sont  faits,  dans  la  precision  des  mesures,  dans  le  raffinement  des  modeles,  aussi  est-il  permis  d'esperer 
atteindre  l'objectif  precise  au  debut  de  ce  paragraphe. 


4  -  RECHERCHES  PORTANT  SUR  LES  COMPOSANTS  DU  PROPULSEUR 


Ces  recherches  sont  trds  nombreuses  et  tree  importantes,  nous  retiendrons  seulement  quatre  sujets 


4.1  -  Combustion  sous  contrainte 

Un  des  composants  du  propulseur  est  la  liaison  plastique  protectrice  qui  se  situe  entre  l'enve- 
loppe  et  le  bloc  de  propergol.  Sous  l'effet  des  deformations  de  l'enveloppe  des  fissures  peuvent  apparaitre 
entre  le  propergol  et  l'inhibiteur  ou  entre  l'inhibiteur  et  l'enveloppe.  La  mise  au  point  d'un  inhibiteur 
efficace  est  souvent  delicate  et  sa  tenue  doit  etre  determinee  dans  des  conditions  voisines  de  i'utilisa- 
t  ion  c'est-£-dire  apres  deformation  du  support.  Des  chambres  a  parois  transparentes  ont  ete  mises  au  point 
conme  indique  sur  la  figure  34,  le  support,  l'inhibiteur  et  le  propergol  etant  deformes  pendant  le  tir. 

A  l'aide  d'une  technique  cinematographique  la  progression  de  la  combustion,  la  formation  de  fissures,  la 
penetration  de  la  combustion  peuvent  etre  analysees. 


Fig.  34  Combustion  sous  contrainte. 


4.2  -  Geometric  des  blocs 

Depuis  trois  decennies  de  recherches  dans  ce  domaine  on  pourrait  croire  que  tout  a  ete  dit,  il 
n'en  est  rien  car  de  nouvelles  applications  apparaissent  avec  des  recherches  de  compromis  souvent  contra- 
dictoires.  Pour  la  majorite  des  applications  le  constructeur  recherche  : 

-  une  loi  de  combustion  optimale  pour  la  mission, 

-  un  bon  coefficient  de  remplissage, 

-  une  fin  de  combustion  qui  permette  de  diminuer  l'epaisseur  de  l'inhibiteur, 

-  une  grande  surface  de  combustion, 

-  un  effet  du  I  l'erosion,  minimal, 

-  une  geometric  facilitant  l'allumage  du  propergol, 

-  une  bonne  tenue  au  stockage, 

-  une  realisation  aisee  du  bloc, 

-  une  geomytrie  conduisant  d  une  bonne  tenue  durant  la  montye  en  pression  dans  le  propulseur  et 
dans  la  phase  d' acceleration, 

-  une  organisation  de  l'ycoulement  interne  conduisant  3  un  ecoulement  homogene  &  1 'entree  de  la 
tuydre, 

-  une  geometric  tendant  S  nmortir  les  instabilitys  de  combustion. 


et  pour  certainea  applications  on  souhaita  : 

-  rtaliser  daa  geometries  da  bloc  avac  una  tuytre  inttgrte  dana  la  bloc, 

•  utiliaar  daa  bloca  1  doubla  composition  avac  daa  poudras  froidca  prda  da  la  aortia  tuytre  pour 
aatliorer  la  tanua  du  col  ou  pour  tantar  da  rtduira  la  signature  infra-rouga  ou  daa  compos i- 
tiona  avac  daa  vitaaaaa  da  combustion  dlffirentes, 

-  concavoir  daa  bloca  permattant  da  rialiaar  daa  propulaaura  aana  tuytra. 

La  conception  d'una  giomttrie  da  bloc  cat  done  un  probltaa  da  rachcrchc  da  coapromis  at  da 
noabreusea  etudes  aont  cncora  poaaiblaa  dans  ca  doaaine.  Nous  citona  deux  axeaples  da  recherche  de  cc 
ccaproais  :  la  preauer  cat  l'utilisation  d'un  bloc  laaellairc  qui  pcract  d'obtcnir  das  loia  da  coabuation 
avac  aontte  at  dascentc  an  pression  ayattrique  (figure  Xa) , la  deuxiiac  cat  la  conception  da  blocst  grande 
surface  da  coabuation  an  partant  da  lanitrac  da  propergola  coaportant  une  atria  da  fentes  (figure  35) . 


Fig  35  -  Geometric  de  blocs  4  temps  de  combustion  court. 


A. 3  -  Atrodynamique  interna 

La  recherche  du  coapromis  pour  concevoir  le  bloc  la  mieux  adaptt  S  une  mission  ne  conduit  pas 
ntcessairement  t  une  geomttrie  interne  bien  adaptee  &  l'tcoulement  interne.  II  eat  important,  sans  tenir 
compte  de  la  combustion,  de  mieux  connattre  la  structure  de  l'tcoulement  afin  de  prtciser  lea  zones  de 
survitesae  plus  senaibles  a  l'effet  erosif  ou  mettre  en  Evidence  des  zones  de  circulation  qui  peuvent  loca- 
lement  augaenter  le  transfert  de  chaleur  a  la  paroi .  On  dispose  pour  connattre  cet  ecoulement  de  plusieurs 
me  thodea  : 

-  ttude  de  aiaquette  au  tunnel  hydrodynamique, 

-  essaia  dana  une  conduite  a  froid  reproduisant  lea  conditions  d' injection  parittale, 

-  methodes  analytiquea  donnant  lea  lignes  de  courant,  le  profil  des  vitesses  et  des  pressions  a 
la  surface  pour  des  gtomttriea  de  canal  interne  complexes  comme  celle  qui  est  indiqute  sur  la 
figure  36.  Cette  ttude  est  inttresaante  dans  le  caa  de  tuytre  integree  comme  celle  tracte  sur 
la  figure  37. 

Cea  m£ thodea  aont  couraaaaent  utiliates  et  suffiaent  pour  la  plupart  des  applications  actuellement  envisa- 
gtea. 


Fig.  36  -  L  tgnes  de  courant  dans  un  chargement  using 


fig  37  Ecoolement  autour  dune  tuyere  mt&gree 


4.4  -  Per f or«*nc*_d*»_ tujire;  [34]  [35] 

Let  principalea  recherche*  portent  aur  c*  coaposant  ae  rattachent  : 

-  4  la  parte  de  performance  due  4  la  priaence  de  particulea  dana  lea  produita  de  combuation, 

-  aux  pertea  de  performance  decoulant  de  l'iroaion  de  la  tuyire  (erosion  globale  aur  toute  la 

turface,  augmentation  du  diaaitre  du  col  par  exemple)  et  de  l'iroaion  locale  qui  intervient  4 
de*  jonctiona  de  matiriaux, 

-  4  la  perte  de  performance  due  4  1' integration  de  la  tuyire  dana  le  bloc, 

-  au  gain  de  performance  poaaible  grace  4  l'utiliaation  de  divergent  deployable,  aolution  inti- 

reaaante  pour  certainea  aiaaiona, 

-  4  la  aiae  au  point  de  ayat4me*  ligera  d'orientation  de  la  tuyire, 

-  4  la  aiae  au  point  de  ayatime*  utiliaant  de*  aultituy4re*. 

Lea  recherche*  portant  aur  cea  thimes  aont  toujour*  actuellea  et  de  nombreux  laboratoire*  tra- 
vaillent  encore  aur  l'itude  de*  jeta  contenant  dea  particulea  4  partir  dea  technique*  de  diagnoatic  uti¬ 
liaant  lea  laaara  ;  le*  probliaea  d' ablation  de  la  tuyire  par  auite  de  la  diveraiti  dea  produita  de  com¬ 
buation  et  de  l'utiliaation  de  graphite  aont  aurtout  abordi*  aoua  lea  deux  aapecta  thermique*  et  chimiquea, 
avec  le  graphite  dea  riaction*  chimiquea  de  aurface  apparaiaaent  qui  contribuent  4  l'ablation.  C'eat  vera 
une  meillaure  coim>rihenaion  de  cea  phinomine*  et  une  meilleure  modilisation  que  a'oricntent  lea  rechcrches. 


5  -  CONCLUSION 


Noua  voudriona  pour  conclure  cet  expoai  inaiater  aur  quelquea  point*  important*  et  indiquer  quel- 
quea  voiea  de  recherche. 


1/  Dana  cet  expoai  noua  n'avona  paa  mentionni  l'aapect  inergitique  du  propergol  qui  pourtant  eat 
un  point  i^iortant  de  la  performance  du  propulaeur,  on  cherche  en  effet  dea  formulea  de  poudre  d'i^>ulaion 
apicifique  at  de  maaaa  volumique  tleviea.  Cet  oubli  tient  4  pluaieura  facteura  :  tout  d'abord  le*  progria 
rialiaia  aur  l'impulaion  apicifique  en  utiliaant  de  nouvellea  compoaitiona  aont  faible*  en  comparaiaon 
avec  la  aomme  de  travail  effectui,  de  bonne*  performance*  ont  iti  obtenues  avec  dea  lianta  oxyginis,  maia 
cea  propergola  ne  aont  pa*  opirationnele  aur  le  plan  militaire  et  utiliaablea  en  toute  aicuriti  ;  il 
exiate  done  un  compromia  entre  performance  et  aicuriti  ;  certainea  compoaitiona  4  impulaion  apicifique 
ilevie  conduiaent  4  dea  produita  de  combuation  contenant  de*  particulea,  il  exiate  done  un  autre  compromia 
entre  performance  et  diacrition  (propergol  aan*  fumte)  ;  le*  propergola  aolidea  4  haute  performance  com- 
portant  en  giniral  de*  aubatancea  endothermiquea  qui  riaquent  d'ivoluer  au  cour*  du  temp*,  un  autre  ccmpro- 
mia  apparait  done  entre  performance  et  vieilliaaement.  Bien  qu'4  l'heure  actuelle  un  groa  effort  aoit  fait 
pour  concavoir  de  nouveaux  propergola  ripondant  4  un  certain  nombre  de  critiree,  l'aapect  inergitique  n'eat 
paa  niceaaairament  le  plua  Important. 

2/  Dana  la  littirature  apicialiaie  dea  modtlee  thiorique*  de  combuation  de  propergol*  homogine  ou 
hitirogine  en  rigime  permanent  aont  piriodiquement  expoai*.  Cea  modilea  progreaaent  et  dicrivent  de  plua 
pri*  laa  proceaaua  chimiquea  en  c*  qui  concerne  lea  propargol*  homoginea  et  tiennent  mieux  compte  de*  hiti- 
roginiitia  et  du  caractire  tridimenaionnel  de  la  tone  de  combuation  dana  le  ca*  dea  propergol*  hitirogine*  ; 
il*  donnent  corractamant  lea  loi*  de  viteaae  de  combuation  en  fonction  de  la  preaaion.  Noua  n'avona  paa 
parli  da  cette  activit i  da  recherche*  car  il  noua  aemble  que  toute*  cea  thiorie*  comportent  de  tria  nombreux 
paramitra*  ajuatable*  et  noua  avona  prifiri  inaiater  aur  laa  recherche*  expirimentalea  portant  aur  l'aapect 


lOft 


analytique  dea  phi nomine a  at  aur  tea  paramfttree  phyaiquee  at  chimiquea  qui  modifient  cetta  vitaaaa,  point 
iaportant  pour  la  conatructaur . 

3/  L'dcoulement  parallftle  3  la  aurfaca  a  una  action  non  nigligeable  aur  la  atructure  da  la  aona 
da  combuation  at  aur  la  tranefert  de  auiaaa  at  d'ftnergie  1  la  aurfaca  ;  il  n'exiete.ft  l'haura  actuelle 
aucun  modile  qui  pridiae  d'une  maniftre  aatiafaiaante  lea  affata  d'iroeion  negative  ou  lea  affata  de  aauil, 
ainai  qua  1' influence  da  la  preaaion. 

4/  La  determination  daa  praaaiona  limitea  de  coabuation  eat  una  voie  fructuauaa  de  recherche, 
cetta  dtude  doit  permettre  de  mieux  connaitre  lea  mecaniamaa  de  combuation.  La  temperature  initiala  du  bloc 
joua  un  tree  grand  r31e,  la  preaaion  limite  etant  troa  aanaibla  ft  ce  paramitre.  De  plua  certainea  applica¬ 
tion  niceeaitent  l'emploi  de  propergols  &  preaaion  limita  eievee. 

5/  La  determination  par  l’analyae  at  l'experience  da  la  fonction  reponae  du  propergol  eat  una 
part  importente  de  l'etuda  daa  phenuminee  tranaitoiree.  La  couplage  praaaion-vitaaae  doit  retenir  l'atten- 
tion  dea  cherchaura,  ainai  que  la  determination  de  cetta  fonction  reponae  4  partir  de  thioriee  non  line¬ 
al  rea. 

La  partie  experimentale  pourra  progreaaer  grftce  1  l’emploi  de  techniquee  plua  prftciaea  pour 
determiner  la  fonction  reponae. 

6/  Un  progrea  aenaible  aur  la  previaion  dea  domainea  da  atabilite  d'un  propulaeur  pourra  inter- 
venir  loraqu'on  aura  una  idee  plua  prdciae  dea  pertea  at  da  leura  variationa  an  fonction  da  la  gdomitrie 
du  bloc  at  de  la  tuyftre  ainai  qua  da  la  taille  du  propulaeur.  Daa  modftlea  an  coura  donnant  la  fonctionne- 
mant  du  propulaeur  an  regime  inctationnaire  ont  fourni  dana  la  caa  da  bloc  de  geometrie  aimpla,  dea  rieul- 
tata  intdraaaanta. 

7/  Lea  problemea  d'allumage  et  d'axtinction  du  propulaeur  ne  pourront  progreaaer  qua  loraqu'on 
pourra  decrire  d'une  maniftre  plua  prftciee  lea  mdcaniamea  complaxaa  qui  aa  auccddant  pendant  la  phaaa  d'al¬ 
lumage  at  d'axtinction  :  evolution  corracte  du  debit  brulft  ft  cheque  inatant  at  an  chaque  point  du  bloc  du 
propergol  pendant  la  phaae  d'allumage,  atructure  da  la  rone  da  combuation  pendant  la  phaaa  d'axtinction. 

8/  La  miae  au  point  da  compoaanta  :  enveloppe,  tuydre,  bloc,  inhibiteur,  repoee  avant  tout  aur 
I'avancement  dee  rachcrchca  dana  la  domaine  dea  matftriaux,  noua  penaona,  devant  la  divaraite  daa  applica¬ 
tion  qua  dea  recharchea  aont  encore  necaaaairaa  pour  aotfliorar  lea  performancea  daa  tuydraa  et  arriver 
ft  una  gftomfttrie  optimale  du  bloc. 

Bien  qu'un  progrda  aenaible  eit  ete  obtenu  durant  caa  dernidraa  annftea,  un  long  parcoure  reeta 
encore  ft  faire  pour  una  mattriee  complete  da  la  combuation  dea  propergola  aolidea  auaai  bian  an  regime 
peimanent  que  tranaitoira. 
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SUMMARY 

This  paper  presents  a  status  of  Solid  Rocket  Motor  Design  Automation  Technology.  The  total  scope  is 
reviewed,  from  initial  preliminary  design  techniques  to  optimize  rocket  motor  performance,  mass,  and  enve¬ 
lope  characteristics  to  those  procedures  used  in  final  design  activity.  The  latter  include  internal  bal¬ 
listics  and  grain  design;  combustion  stability  prediction;  structural,  thermal,  and  mass  property  analy¬ 
ses;  and  the  like.  Direction  of  current  work  in  the  United  States  of  America  is  outlined. 


INTRODUCTION 

During  the  past  25  vears,  significant  progress  has  been  made  in  all  areas  of  solid  rocket  technology. 
These  areas  include  propellant  chemistry  and  compositions.  Insulation  materials,  understanding  of  propel¬ 
lant  structural  behavior,  thermal  analyses,  and  performance  predictions.  Certainly,  one  area  in  which  the 
most  significant  advancement,  and  which  is  the  key  to  the  progress  made  in  most  of  the  areas  noted,  has 
been  made  is  design  automation. 

Availability  of  the  digital  computer  has  given  solid  rocket  motor  designers  and  analysts  a  capability 
hardly  imagined  25  vears  ago.  Indeed,  its  appearance  and  capabilities  are  the  basis  for  much  of  the 
advancement  made  in  solid  rocket  motor  technology.  Today,  it  is  possible  to  select  an  optimum  rocket 
motor  design  and  detail  it  using  computer  methods  entirely. 

In  the  United  States  of  American  (USA),  design  automation  methods  are  now  used  to  various  degrees  bv 
Governmert  and  industrial  scientists  and  engineers.  Government  organizations  sponsor  activities  to 
improve  existing  computer  programs  and  to  develop  new  ones.  Industrial  concerns  do  the  same  to  improve 
their  capabilities  and  competitive  positions. 

The  intent  of  this  paper  is  to  survey  the  status  of  design  automation  technology  in  the  USA.  Accord¬ 
ingly,  in  the  following  sections  the  total  scope  is  reviewed,  from  initial  preliminary  design  techniques 
to  optimize  rocket  motor  performance,  mass,  and  envelope  characterist Ics  to  those  procedures  used  in  final 
design  activity.  Thi  latter  include  internal  ballistics  and  grain  design;  combustion  stability  predic¬ 
tion;  as  well  as  structural,  thermal ,  and  mass  property  analyses. 

MOTOR  OPT IMITATION /PRELIM I NARY  DESIGN 

As  recently  as  the  earlv  1960s,  nearlv  all  analyses  for  solid  propellant  rocket  motor  design  were 
performed  manually,  utilizing  slide  rules  or  mechanical  calculators  for  most  computations.  As  a  result, 
the  analyses  were  extremelv  time-consuming  and  bv  necessity  limited  In  scope.  Rocket  motor  design 
involved  much  art,  as  well  as  science,  and  depended  to  a  great  extent  on  the  experience  and  intuition  of 
the  analyst. 

The  proliferation  of  increasingly  larger  and  faster  digital  computers  during  the  mid  l^bOs  permitted 
the  automation  of  these  previously  manual  operations  and  the  development  of  computer  programs  to  perform 
computations  in  minutes  or  seconds  that  were  literally  impossible  to  perform  manually.  Thousands  of 
iterations  can  be  made  on  various  design  parameters,  such  as  motor  weight,  envelope,  chamber  pressure, 
etc.,  to  examine  every  conceivable  combination  of  available  parameters  to  arrive  at  the  optimum  motor 
design  for  the  intended  mission. 

In  recent  years,  these  early  computer  progmms  have  been  continuously  improved  to  take  advantage  of 
the  latest  advances  in  computer  technology;  such  as  interactive  time-sharing  systems,  computer-generated 
plotting  and  drafting,  larger  storage  capability,  and  faster  access  times.  As  a  result,  the  design  of 
solid  propellant  rocket  motors  has  transitioned  into  what  is  presently  a  science  that  can  be  performed 
with  fewer  people  In  less  time  and  that  results  in  a  better,  more  reliable  product  than  was  previously 
possible. 

When  a  new  motor  (s  to  be  designed,  the  speci f icat ion  usually  places  limits  on  motor  characteristics 
such  as  the  physical  envelope,  motor  weight,  total  impulse,  thrust-vs-t imo  envelope,  etc.  In  the  prelim¬ 
inary  design,  it  is  desirable  to  be  able  to  quickly  and  accurately  evaluate  the  effects  of  a  large  number 
of  variables  such  as  chamber  pressure,  expansion  area  ratio,  mass  fraction,  case/nozzle  materials,  and 
physical  dimensions  on  specified  motor  characteristics.  Tills  type  of  study  of  a  large  number  of  param¬ 
eters  can  readily  be  accomplished  with  the  high-speed  digital  computers  of  today.  Most  solid  rocket 
activities  in  the  USA  have  been  computer  programs  that  accomplish  this  to  one  degree  or  another. 

To  Illustrate  this  tvpe  of  program  and  its  capability,  the  Solid  Rocket  Motor  Optimization  Computer 
Program  used  by  Hercules  will  be  briefly  described.  The  central  portion  of  the  optimization  computer 
program  is  an  automated  solid  rocket  design  routine.  This  routine  receives  inputs  from  which  a  particu¬ 
lar  solid  rocket  conf igurat ion  can  he  defined;  such  ns  diameter,  thrust  schedule,  total  impulse,  propel¬ 
lant  properties,  inert  material  properties,  nozzle  parameters,  chamber  pressure,  etc.  The  design  routine 
then  constructs  solid  rocket  motors  tncorporat ing  the  input  parameters.  The  description  of  the  motor 
necessarv  to  achieve  the  Input  design  criterion  requirement  is  determined  bv  the  program. 


Motor  design  criteria  are  selected  from  options  such  as: 

•  Fixed  total  Impulse  •  Fixed  Ideal  velocity  increment 

•  Fixed  propellant  weight  •  Fixed  trajectory  performance 

•  Fixed  length 

When  the  fixed  criteria  are  mer,  information  concerning  the  particular  motor  design  is  printed  out.  Data 
for  Che  design  are  also  stored  within  the  machine.  This  procedure  is  continued  until  an  array  of  input 
parameters  has  been  scanned  that  includes  motor  diameter,  nozzle  expansion  ratio,  chamber  pressure,  and 
thrust  schedule.  All  the  resulting  designs  are  compared  and  the  motor  that  meets  the  optimization  cri¬ 
teria  Is  selected.  Optimization  criteria  Include: 

•  Maximum  total  impulse 

•  Minimum  weight 

•  Minimum  length 

Mathematical  models  within  the  program  have  been  refined  such  that  motor  gross  weights  are  consis¬ 
tently  predicted  to  within  IX  of  that  determined  from  detail  board  design  layout. 

Figure  l  illustrates  the  role  of  the  optimization  computer  program  in  the  motor  design  evaluation 
cycle. 


•  Maximum  trajectory  performance 
(burnout  velocity,  range,  etc.) 
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1.  INPUT  DESIGN  PARAMETERS 

2.  DESIGN  PROPULSION  SYSTEM 
COMPONENTS 

3.  DETERMINE  INFLUENCE  OF  FOLLOWING 
ON  MISSILE  SYSTEM: 


a.  THRUST 

h.  ,  LIMITS 

c.  ACTION  TIME 

i.  MASS  FRACTION 

..  MOTOR  GROSS  WEIGHTS 
f.  CHAMBER  PRESSURE 
,  EXPANSION  RATIO 
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h.  MOTOR  DIAMETER 
I.  PORT  THROAT  LIMITS 

j.  CASE  MATERIALS 
It.  PROPELLANT  l,p 

l.  MOTOR  LENGTH 

m.  TOTAL  IMPULSE 
(AND  SO  ON) 
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1.  COMPARE  COMPUTER. DESIGNED  COMPONENT 
WEIGHTS  AND  SIZE  WITH  BOARD  SIZE 

2.  REFINE  OPTIMIZATION  PROGRAM  INPUTS 

3.  DETERMINE  INFLUENCE  OF  DESIGN 
PARAMETERS  ON  MISSILE  SYSTEM 


SELECT  THE  BEST 
MOTOR  DESIGN 
PARAMETERS  AND 
MAKE  DETAIL  LAYOUT 
OF  MOTOR  COMPONENTS 

EVALUATE 

NOZZLE 

CASE 

INSULATION 

BALLISTIC  GRAIN  STRESS 
MISCELLANEOUS: 

M010R  WEIGHTS 

INTERSTAGES 

STAGE 
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1.  SELECT  THE  BEST  MOTOR  DESIGN 
PARAMETERS  AND  MAKE  detail 
LAYOUT  OF  MOTOR  COMPONENTS 

2.  EVALUATE  COMPONENTS,  ETC. 


Figure  1.  Motor  Design  Evaluation  Cycle 

If  desired,  a  lifting  point  mass  trajectory  Is  flown  for  each  motor  to  evaluate  Its  flight  perfor¬ 
mance,  The  program  uses  a  building  block  approach  to  pormit  all  likely  missile  maneuvers  in  an  arbitrary 
order  to  achieve  the  required  trajectory,  A  typical  printout  is  shown  in  Fig.  2.  The  motor  description 
Is  divided  into  four  print-out  columns.  The  first  column  tabulates  ballistic  and  trajectory  performance 
data;  these  data  Include  both  input  and  computer  values.  The  second  column  contains  the  overall  and 
detailed  individual  component  weights.  The  third  and  fourth  columns  delineate  case  and  Insulation  thick¬ 
nesses,  port  area,  volumetric  loading,  and  nozzle  dimensions.  An  outline  oi  a  rocket  motor  Is  printed 
out,  along  with  the  major  overall  dimensions,  that  allows  rapid  assessment  of  these  data. 

By  cross-plotting  Che  data  received  from  an  arrav  of  design  parameters,  it  is  not  only  possible  to 
define  the  optimum  solution,  hut  also  to  determine  the  sensitivity  of  the  system  to  the  constraints 
imposed  and  Che  variables  considered.  This  is  illustrated  in  Fig.  3(a),  which  is  a  typical  plot  construc¬ 
ted  from  an  array  of  design  parameters  for  a  particular  propulsion  svstem.  Shown,  on  a  fixed  total 
Impulse  basis,  is  motor  length  versus  weight  with  chamber  pressure  and  nozzle  expansion  ratio  as  param¬ 
eters;  also  fixed  are  thrust  and  motor  diameter.  Tito  problem  here  was  to  determine  the  chamber  pressure 
and  expansion  ratio  at  which  weight  is  at  a  minimum  within  a  77.0-lneh  length  constraint.  The  optimum 
condition  Identified  ns  "Design  Point"  is  a  pressure  of  750  psi  and  an  expansion  ratio  of  approximately 
15. 

Another  example  of  optimizing  the  chamber  pressure  and  nozzle  expansion  ratio  is  shown  in  Fig.  3(b). 
Plotted,  on  a  fixed  length  basis,  is  total  impulse  versus  motor  weight  with  pressure  and  expansion  ratio 
as  parameters.  The  objective  is  to  determine  the  minimum  weight  at  which  the  desired  total  impulse  of 
23,000  lb-sec  Is  delivered.  Pressure  and  expansion  ratio  at  which  this  occurs  are  1100  pal  and  5, 
respectively. 
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Figure  2.  Sample  Motor  Optimization  Program  Printout 


DETAILED  MOTOR  DESIGN 

The  motor  opt imlzat ion/pre  1 imi- 
narv  design  procedure  previously 
discussed  provides  the  designers 
with  the  basis  and  starting  point 
for  detailed  design  definition.  The 
detailed  design  of  the  rocket  motor 
requires  a  significant  amount  of 
interaction  and  Iteration  among  sev¬ 
eral  technical  disciplines;  includ¬ 
ing  ballistic  and  mechanical  design 
and  ballistic,  structural,  and 
thermal  analyses.  This  interaction 
is  depicted  in  Fig.  4. 

The  computer  analysis  for  pre- 
liminarv  design  establishes  ballis¬ 
tic  performance  requirements  as 
input  to  the  grain  design  analysis; 
and  weight,  envelope,  and  maximum 
pressure  requirements  as  input  to 
the  mechanical  design  function  and 
related  analvses.  A  variety  of 
computer  codes  are  routinely  used 
in  grain  design  from  the  process  of 
selecting  and  dimensioning  the  grain 
configuration  to  structural  analysis 
and  ballistic  performance  predic¬ 
tions.  Several  other  sophisticated 
computer  codes  are  used  in  analysis 
of  component  parts,  such  as  finite 
element  structural  and  finite  dif¬ 
ference  heat  transfer  computer 
codes.  Finally,  a  combustion  sta¬ 
bility  prediction  can  be  accom¬ 
plished  on  the  completed  motor 
design  with  the  aid  of  a  series  of 
computer  codes.  Also,  if  important, 
characteristics  of  the  exhaust  plume 
can  be  similarly  determined.  These 
programs  are  discussed  in  the  fol¬ 
lowing  paragraphs. 

Propellant  Thermochemistry . 
Propellant  thermochemistry  computer 
programs  are  used  in  solid  propel¬ 
lant  rocket  motor  design  to  deter¬ 
mine  available  combustion  energv  of 
the  propellant  and  chemical  composi¬ 
tion  of  the  exhaust  gas.  Generally, 
the  Gibbs  free-energv  minimization 


QC 

O 

O 

5 


Figure  3.  Optimization  of  Motor  Design 


Figure  4. 


Solid  Propellant  Motor  Design  Sequence 
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technique  Is  used  and  a  one-dimensional,  perfect  thrust  chamber  assumed  to  calculate  theoretical  thermo¬ 
dynamic  properties  of  the  system.  The  program  output  provides  propellant  thermodynamic  properties  (speci¬ 
fic  impulse,  combustion  temperature,  ratio  of  specific  heats,  molecular  weight,  etc.)  to  the  internal  bal¬ 
listics  designer  for  use  in  motor  performance  prediction.  Chemical  composition  of  the  exhaust  gas  is  uti¬ 
lized  as  input  for  exhaust  plume  smoke  prediction,  which  depends  on  energy  changes  and  chemical  recombina¬ 
tions  that  occur  as  the  effluent  mixes  with  the  atmosphere. 

Among  the  many  codes  used  by  industry  for  theoretical  performance  predictions  are  the  NASA  One- 
Dimensional  Equilibrium  Program  (Ref  1);  the  JANNAF  ODK  Program,  a  1-dimenslonal  kinetic  performance  pro¬ 
gram;  and  the  AFRPL  Performance  Program.  These  programs  calculate  theoretical  performance.  Also  avail¬ 
able  is  the  fully  automated  Solid  Performance  Program  (SPP)  developed  under  AFRPL  Contract  (Ref  2),  which 
computes  the  deviations  from  theoretical  performance  to  be  expected  for  a  given  solid  rocket  motor 
design.  This  program  treats  the  following  losses:  2-dimensional/2-phase  (coupled),  combustion  effici¬ 
ency,  kinetics,  nozzle  erosion,  boundary  layer,  and  submergence.  In  addition,  several  companies  have 
their  own  proprietary  programs  for  computing  propellant  thermochemical  characteristics. 

Hercules  utilizes  the  AFRPL  Performance  Program  and  the  SPP  for  calculations.  For  most  applications, 
the  AFRPL  program  is  used,  in  view  of  its  efficiency  and  input  simplicity.  SPP  is  used  when  a  sufficient 
data  base  is  not  available  from  similar  configurations  to  empirically  determine  efficiencies. 

The  AFRPL  Performance  Program  is  completely  general  and  ca  compute  both  equilibrium  and  frozen 
expansion  performance  parameters  for  any  propellant  for  which  the  necessary  propellant  and  reaction- 
product  thermodynamic  data  are  available.  Ions  can  be  included,  if  desired.  The  nozzle  can  be  expanded 
to  specified  exit  pressures,  specified  area  ratios,  or  a  mixture  of  both.  Input  to  the  program  is 
straightforward,  with  the  various  operations  available  (e.g.,  air  augmentation,  detonation,  optimization, 
frozen)  indicated  by  3-letter  code  names.  Execution  does  not  destroy  the  stored  data,  so  \  arameters  that 
do  not  change  between  cases  need  not  be  re-entered.  Output  data  include  verification  of  input  propellant 
data;  overall  propellant  density;  and  thermodynamic  and  performance  variables  at  each  exit  point. 

This  program  is  used 
on  an  IBM  370-168  computer 
and  requires  208K  bytes 
core  storage.  Two  tape 
units  are  required  in 
addition  to  the  card  rea¬ 
der  and  printer.  A  sam¬ 
ple  of  the  computer  print¬ 
out  is  shown  in  Fig.  5. 

Grain  Design.  Advan¬ 
ces  in  grain  design  tech¬ 
nology  and  computer-aided 
methods  have  greatly 
enhanced  motor  design 
capability  In  terms  of 
both  accuracy  and  man-hour 
efficiency.  Techniques 
have  been  developed  to  the 
extent  that  performance 
within  specified  limits 
frequently  is  demonstrated 
by  the  first  firing  for 
design  verification. 

Three  general  areas 
of  analysis  are  involved 
in  grain  design:  (1) 
geometry;  (2)  internal 
ballistics;  and  (3) 
structures.  Computer 
methods  are  utilized 
throughout  the  design  pro¬ 
cess,  from  configuration 
selection  and  analysis  and 
performance  prediction  to 
combustion  stability  pre¬ 
diction. 

Geometry.  The 
manner  in  which  a  propel¬ 
lant  grain  burns  is  funda¬ 
mental  to  the  grain  design 
analysis.  During  propel¬ 
lant  combustion,  the  burn¬ 
ing  perimeter  at  each 
point  recedes  in  the 
direction  normal  to  the 
surface  at  that  point; 
this  generalization  is 

identified  as  Piobert’s  Law  (Ref  3).  This  distinctive  property  of  a  solid  rocket  grain  makes  grain  design 
readily  amenable  to  computer  methods  and  design  automation.  If  the  initial  conf igurat ion  (perimeter  and 
port  area)  can  be  described  mathemat ica l Iv ,  the  burning  perimeter  as  a  function  of  web  burned  can  be 
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modeled  for  complete  ballistic  analysis  on  the  computer — for  general  evaluation  of  the  configuration  and 
for  calculation  of  burning  surfaces. 

Applicable  grain  configurations  are  identified  through  evaluation  of  web  fraction  and  volumetric 
loading  requirements.  Each  applicable  grain  configuration  is  then  evaluated  primarily  for  its  burning 
surface  characteristics  and  for  sliver  in  configurations  such  as  the  star.  This  evaluation  ranges  in  com¬ 
plexity  from  simple  manual  calculations  for  the  circular-ported  cylinder  to  computer  methods  for  more  com¬ 
plex  configurations. 

Several  computer 
analyses  of  the  star 
configuration  that 
can  be  used  for  this 
purpose  have  been 
reduced  to  graphical 
analysis  and  reported 
in  the  literature. 

One  such  analysis 
sponsored  bv  AFRPl.  is 
available  in  Refer¬ 
ence  4.  A  computer 
program  for  the  star 
analysis  used  by 
Hercules  determines 
and  tabulates  the 
most  neutral-burning 
star  with  the 
required  volumetric 
loading  for  t^very 
combination  of  the 
seven  (six  dimen¬ 
sionless)  variables 
of  the  star.  A  sam¬ 
ple  computer  run  is 
shown  in  Fig.  6. 

This  computer  ana¬ 
lysis  greatly  simpli¬ 
fies  tradeoffs 
between  sliver  and 
burning  neutrality 
and  ensures  the 
designer  of  an  opti¬ 
mum  design. 

Computer  codes 
are  used  extensively 
to  calculate  burning 
perimeters,  surfaces, 
and  port  areas  for 
input  to  performance 
prediction.  These 
programs  are  either 
2-  or  3-dimensional 
codes,  are  easily 
modeled,  and  are 
usually  prepared  by 
individual  companies 
in  the  format  most 
suitable  for  each. 

Two  of  the  most  com¬ 
mon  2-dimensional 
cross-sections  that 
are  programmed  for 
computer  solution 
are  the  star  and 
slotted  cylinder. 

An  example  computer 
run  of  a  Hercules 
program  for  a  slot¬ 
ted  cross  section  is 
shown  in  Fig.  7. 

Inputs  to  all  2- 
dimensional  codes  are 
options. 

Perhaps  the  most  significant  advancement  that  has  been  made  in  grain  design  analytical  methods  in 
recent  years  is  development  by  Hercules  under  U.  S.  Armv  sponsorship  of  a  generalized  3-dimensional  grain 
geometry  computer  program  (Ref  5).  This  computer  program  is  capable  of  calculating  burning  surfaces  and 
other  geometrical  features  for  virtually  any  grain  design.  The  geometry  is  generalized  to  the  extent 
that  the  shape  can  be  described  by  a  combination  of  intersections  of  cones,  spheres,  cylinders,  and  right 
triangular  prisms  (Fig.  8).  This  is  sufficient  for  analytical  definition  of  essentially  any  practical 
configuration,  many  of  which  could  not  be  evaluated  with  closed-analytic  methods. 


Performance.  Most  compu-  ONE-DIMENSIONAL  SLOTTED  GRAIN  CIRCULAR 

ter  programs  that  predict  per  for-  BORF.  OPTION  FOR  SLOTTED  GRAIN 

mance  consider  mass  addition  of 
combustion  products  to  the  chamber 
In  Increments  along  the  flow  chan¬ 
nel.  In  so  doing,  pressure  drop, 
loss  In  stagnation  pressure,  and 
other  factors  that  Influence  net 
thrust  can  be  treated  In  order  to 
obtain  an  accurate  thrust  calcula¬ 
tion.  Erosive  burning  Is  usually 
considered  to  account  for  the  sig¬ 
nificant  effect  of  gas  velocity  on 
burn  rate  based  on  one  of  the  many 
erosive  burn  ratemodels  that  have 
been  proposed.  ]_ A  comprehensive 
survey  of  erosive  burning  theories 
in  Reference  6  contains  a  detailed 
list  of  models  that  have  been  pro¬ 
posed;  one  frequently  used  is  the 
Lenoir-Robillard  model  (Ref  7)^/ 

Several  computer  programs  for 
performance  prediction  are  refer¬ 
enced  in  the  literature  (Ref  8). 

The  most  recent  computer  program 
for  performance  prediction  is  the 
one  developed  under  contract  to 
AFRPL  noted  previously  (Ref  2). 

This  code,  known  as  SPP,  will  cal¬ 
culate  theoretical  propellant 
properties,  grain  geometry,  and 
internal  flow  and  nozzle  losses, 
as  well  as  thrust  and  pressure 
with  time;  the  program  is  pre¬ 
sently  being  revised  under  AFRPL 
sponsorship  to  improve  its  capa¬ 
bility. 

A  typical  computer  program  is  one  used  at 
Hercules  (Ref  9),  called  JCBALL.  In  this  program, 
pressure  and  thrust  histories  are  calculated  con¬ 
sidering  the  effects  of  mass  addition,  port  area 
change,  and  burn  rate  variation  under  quasi-steady- 
state  flow  conditions.  The  burn  rate  theory  used 
is  a  modification  of  the  Lenoir  and  Robillard 
theory.  The  governing  gas  dynamic  differential 
equations  are  solved  by  a  finite  difference  tech¬ 
nique.  The  grain  may,  in  accordance  with  the  tech¬ 
nique,  be  considered  to  be  comprised  of  nodes  or 
elements  of  finite  length.  Pressure,  mass  flow 
rate,  Mach  number,  velocity,  temperature,  and  web 
burned  are  determined  at.  each  node  along  the  grain 
length  for  each  time  increment.  The  resulting 
thrust,  pressure  and  thrust  impulse,  throat  diam¬ 
eter,  exit  diameter,  amount  of  propellant  burned, 
thrust  coefficient,  and  delivered  specific  impulse 
are  determined  for  each  time  increment.  Inputs  to 
the  code  include  propellant  properties;  nozzle 
throat  and  exit  diameters  versus  time;  perimeter 
versus  web;  port  area  versus  web;  and  wetted 
perimeter  versus  web,  which  may  be  varied  inde¬ 
pendently  for  each  node.  Inputs  and  outputs  are 
illustrated  in  Fig  9. 


An  example  computer  run  with  partial  output  for  JCBALL  is  presented  in  Fig.  10.  The  example  grain 
design  is  a  5-point  star  having  a  volumetric  loading  fraction  of  0.85  and  web  fraction  of  0.40.  The  star 
angles  are  dimensioned  such  that  it  is  the  most  neutral-burning  5-point  star  with  that  web  fraction  (from 
Fig.  6).  Outputs  include  the  fundamental  quantities  of  pressure,  thrust,  and  time.  Appropriate  quantities 
are  integrated  with  time;  these  are  thrust,  pressure,  and  propellant  weight.  Burn  rate  and  other  quanti¬ 
ties  useful  in  ballistic  analysis  are  also  included  in  the  output.  Motor  weight  and  center  of  gravity  with 
time  are  optional  outputs. 

Grain  -  Structural  Analysis.  Before  the  advent  of  the  large,  high-speed  digital  computers  in 
the  early  1960s,  grain  structural  analyses  were  restricted  to  closed-form  solutions  of  simple  cylindrical 
geometries,  such  as  described  in  Reference  1(\  or  photoelastic  analyses  as  described  in  Reference  11. 

With  the  capability  provided  by  the  digital  computer  it  became  feasible  to  apply  finite  element 
methods  to  grain  structural  analysis.  Today  many  finite  element  structural  analysis  codes  are  available, 
such  as  TEXGAP-2D  and  TEXGAP-3D  (both  sponsored  by  the  U.  S.  Air  Force  Rocket  Propulsion  Laboratory), 
AMG320-033  (sponsored  by  the  U.  S.  Army  Missile  Command),  SAP-IV  (developed  by  the  University  of  Califor¬ 
nia),  and  NASTRAN  (sponsored  by  the  National  Space  and  Aeronautics  Association).  Normally  one  of  the 
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2- dimensional  codes  is  utilized  because  of 
the  excessive  cost  and  time  required  for  a 

3- dimensional  finite  element  analysis. 

The  primarv  finite  element  code  uti¬ 
lized  at  Hercules  Is  typical  of  the  2- 
d  linens  tonal  codes.  APSA  (Fig.  11),  the 
Hercules  Finite  Element  Ax i symmetric  and 
Planar  Structural  Analysis  Code,  is  uti¬ 
lized  with  orthotropic,  temperature- 
dependent  material  properties.  This  pro¬ 
gram  has  been  developed  by  Hercules  par¬ 
tially  under  company- funded  IR&D  effort 
and  partially  under  NASA  and  AFRPI.  spon¬ 
sorship  (Ref  12). 

The  basic  framework  of  the  APSA  pro¬ 
gram  comes  from  the  SAAS  I  program  (Ref 
13,  14).  A  double-precision  version  of 
this  program  was  released  as  Reference 
15.  This  code  was  supplemented  with 
plane  stress  and  generalized  plane 
strain  programs  and  a  plot  program  in 
1968.  The  APSA  program  combines  the 
three  versions  into  one  program  and  contains 
The  most  recent  version  was  released  in  Apri 
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Figure  9.  Generalized  Internal  Ballistic  Analysis 

numerous  improvements  developed  over  the  last  several  years. 
1  1974  (Ref  16). 
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Figure  10.  Sample  JCBA1.1.  Program  Printout 

Input  to  the  program  consists  principally  of  material  properties,  geometric  configuration  in  the  form 
of  a  finite  element  mesh,  and  the  loading  conditions.  Program  output  consists  of  all  input  data  and  the 
following  calculated  Information: 


•  Nodal  Point  Displacements 

•  Hoop  Stress 

•  Radial  (x)  Stress 

•  Axial  (y)  Stress 

•  Shear  Stress  (xy) 

•  Maximum  Principal  Stress 

•  Minimum  Stress 

•  Maximum  Shear  Stress 


•  N-Stress 

•  S-Stress 

•  Shear  Stress  (NS) 

•  F.lement  Centroid 

•  Hoop  Strain 

•  Radial  (x)  Strain 

•  Axial  (y)  Strain 


•  Shear  Strain  (xy) 

•  Maximum  Principal  Strain 

•  Minimum  Strain 

•  Angle  of  Maximum  Stress 
.  N-Strain 

•  S-Strain 

.  Shear  Strain  (NS) 
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Figure  11.  APSA  Finite  Element  Stress  Analysis  Program 


In  addition  to  the  printed  output  described  above,  automated  plot  routines  are  available  to  obtain 
grid  plots,  isoplots  and  graphical  plots  of  both  input  data  and  calculated  results.  Examples  of  these 
plots  are  shewn  in  Fig.  12  and  13. 


Figure  12.  Sample  Computer  Graphic  Plot  of  Plane  Strain 
Finite  Element  Model 
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Figure  13.  Sample  Computer  Graphic  Plot  of  Isostraln 
Contours 

Combustion  Stability.  The  increasing  demand  for  solid  rocket  motors  with  reduced  or  minimum-smoke 
exhaust  plumes  has  increased  the  probability  of  encountering  combustion  instability.  Even  in  motors  hav¬ 
ing  aluminized  propellant,  the  risk  of  combustion  instability  is  ever-present.  An  increased  understanding 
of  the  mechanisms  and  theoretical  aspects  of  combustion  instability  and  advances  in  computer  ir  thods  have 
made  possible  analytical  methods  for  predicting  the  margin  of  stability  of  a  solid  rocket  motor.  All 
major  solid  rocket  companies  in  the  USA  have  their  own  proprietary  computer  codes  for  combustion  stability 
prediction.  Hercules  has  had  an  operational  stability  code  for  several  years;  this  is  used  in  conjunction 
with  the  NASTRAN  finite  element  code  that  performs  all  acoustic  mode  calculations. 

Significant  recent  accomplishments  in  this  area  have  been  sponsored  by  the  AFRPL.  Two  stability 
codes  have  been  developed,  based  on  extensive  industry  participation  under  AFRPL  sponsorship  (Ref  17). 

One  is  a  longitudinal  mode  program  that  calculates  both  acoustic  modes  and  stability  integrals.  The  other 
is  a  3-dimensional  code  that,  like  the  Hercules  code,  is  used  in  conjunction  with  NASTRAN.  This  version 
treats  both  transverse  and  longitudinal  acoustic  modes. 

The  grain  cavity  is  modeled  by  line  numbers  that  correspond  to  segments  of  the  cavity.  Each  segment 
is  described  in  terms  of  its  length,  port  area,  and  burning  surface  area.  The  burn  rate  of  the  propellant 
and  distribution  of  particles  in  the  gas  stream  for  each  line  are  listed  separately.  If  the  seement  con¬ 
tains  non-burning  areas,  these  can  be  shown  for  purposes  of  calculating  viscous  damping.  Nozzle  admittance 
functions  and  various  response  functions  complete  the  input  data.  Outputs  include  the  combustion  alnha  and 
damning  Integrals  for  the  various  elements  labeled  and  interpolated  values  of  response  functions  applicable 
to  the  integral,  the  total  linear  alpha,  and  a  summation  of  products  of  integrals  and  response  functions. 

The  example  stability  analysis  corresponds  to  one  point  in  the  burn  duration.  Typically,  analyses 
are  made  at  three  or  more  points  in  time  and  results  are  plotted  versus  time.  A  typical  plot  showing  the 
individual  stability  elements  and  net  stability  prediction  versus  time  is  presented  in  Fig.  14. 

Although  not  developed  to  the  degree  that  performance  prediction  has  been  developed,  stability  pre¬ 
dictions  provide  an  excellent  means  for  ranking  motor  designs  on  the  basis  of  combustion  stability.  If 
the  propellant  response  function  is  well  defined  from  substantial  T-burner  data  and  if  nozzle  damping 
values  are  well  established,  the  stability  prediction  has  reasonable  merit. 

Component' Thermal  Analysis.  Since  the  thermal  design  of  a  solid  propellant  rocket  motor  is  inti¬ 
mately  related  to  the  structural  design,  many  thermal  analysis  programs  are  designed  for  use  in  combina¬ 
tion  with  a  structural  analysis  program.  Examples  of  such  programs  are  THVINC  (U.  S.  Air  Force/University 
of  California);  TEXGAP-2D  (U.  S.  Air  Force/University  of  Texas);  and  NASTRAN  (NASA).  For  most  rocket 
design  activities  these  or  programs  with  similar  capability  developed  privately  are  utilized.  The  thermal 
analysis  program  ORTHEAT  utilized  in  combination  with  a  modified  version  of  APSA  at  Hercules  is  typical 
of  these  programs. 


Figure  14.  Combustion  Stability  Analysis  -  Axial  Mode 

Thermal -structural  analysis  (i.e.,  for  thermally  Induced  structural  loads)  Is  completely  dependent  on 
the  analyst’s  ability  to  describe  the  Induced  thermal  gradient.  Currently  available  structural  and  ther¬ 
mal  analytical  techniques  are  sufficiently  sophisticated  that  optimization  of  a  design  is  limited  only  by 
the  available  data  on  material  properties  and  time. 

The  2-dimensional  plane  and 
axisvmmetric  finite  element  stress 
analysis  and  2-dimensional  plane 
and  axisvmmetric  finite  difference 
thermal  analyses  utilize  analyti¬ 
cal  models  that  are  very  similar 
(Fig.  15).  These  two  analyses  may 
be  formulated  such  that:  (1)  a 
single  congruent  set  of  data  is 
required  to  describe  the  geom¬ 
etry:  (2)  the  output  of  the  ther¬ 
mal  analysis  is  directly  usable  by 
the  stress  analysis:  and  (3)  the 
thermal  analysis  can  be  conducted 
economical ly. 

In  ORTHEAT  the  finite  dif¬ 
ference  method  is  applied  to  the 
solution  of  the  2-dimensional 
plane  and  axisvmmetric  heat  trans¬ 
fer  problem  using  a  finite-element 
model.  The  continuous  body  is 
replaced  by  a  system  of  ring  or 
plane  elements  with  triangular  or 
quadrilateral  cross  sections. 

Since  elements  are  of  arbitrary 
shape  and  have  different  material 
properties  the  procedure  can  be 
applied  to  bodies  composed  of  mnnv 
different  materials  of  complex  geometry.  Up  to  1500  nodal  points  and  elements  may  be  used  to  define  the 
finite  element  model.  Program  interpolation  between  input  data  points  provides  for  efficient  and  economi¬ 
cal  usage.  The  program  considers  orthotropic  temperature-dependent  material  properties  for  up  to  15  dif¬ 
ferent  materials.  Properties  are  tabularly  input  as  functions  of  temperature.  Up  to  eight  temperatures 
mnv  be  used  to  define  each  material. 

Applicable  boundary  conditions  may  be  specified  by  several  input  options.  Nine  time-dependent  forc¬ 
ing  temperatures  may  be  specified  for  use  with  the  convective  and  radiative  coefficients.  Time-dependent 
convective  coefficients  and  temperature-dependent  radiative  coefficients  are  input  tabularly  using  up  to 
15  points  to  define  each  curve.  Five  convective  and  five  radiative  coefficient  curves  may  be  specified. 
Boundary  conditions  may  be  specified  as  convective  only;  radiative  only;  convective  and  radiative  to  the 
same  or  different  forcing  temperatures  or  internal  flow  (for  axisvmmotric  only).  Internal  flow  may  be 
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Figure  15.  Component  Thermal  Analysis 


either  a  function  of  pressure  or  weight  flow  rate  as  functions  of  time.  Cas  properties  (ratio  of  sperlfl 
heats,  molecular  weight,  flame  temperature,  and  gas  emlsalvlty)  are  Input  as  tabular  functions  of  time 
with  15  points  available  for  defining  each  variable.  Among  Internal  flow  boundaries,  gas  transport  prop¬ 
erties  are  calculated  using  1 -dimensional  lsentroplc  relations  with  area  change.  Thus,  for  each  boundary 
element  exposed  to  internal  flow,  a  pressure,  convective  coefficient,  and  radiative  coefficient  are  caleu 
lated.  Additional  pressure  boundary  conditions  as  functions  of  time  mav  be  input  for  future  use  with 
stress  programs,  if  desired. 

The  program  is  also  capable  of  handling  Internal  heat  generation  as  a  function  of  either  time  or  torn 
perature.  Five  curves  of  each  type  are  available  with  15  defining  points  for  each.  Total  heat  flow  rate 
across  up  to  10  different  specified  boundaries  mav  be  obtained,  l.lnear  ext rapolat ion  is  used  between  tab 
ular  Input  data  points. 

Program  outputs  Include:  nodal  point  and  element  data;  boundary  elements  with  applied  coefficients 
and  forcing  temperatures;  tabular  Input  data:  temperature  of  each  element;  and  boundary  pressure  for  each 
specified  output  time.  At  these  specified  times  the  element  temperatures  and  pressure  boundary  data  may 
be  printed  out  as  shown  in  Fig.  16  and  written  on  tape  for  future  use  with  the  structural  analysis  pro¬ 
gram.  Ablation  and  char  fronts  are  also  determined.  Tvpical  results  are  shown  in  Fig.  17.  In  addition, 
automated  plotting  provides  plots  similar  to  those  of  Fig.  12  and  13. 
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Figure  16.  Sample  Thermal  Analysis  Program  Output 


Multiple  runs  may  be  made  by 
stacking  data.  To  facilitate  more 
economical  running  of  multiple  con¬ 
ditions  for  the  same  model,  an 
option  to  store  model  geometry  and 
Input  data  on  tape  Is  provided. 
Subsequent  runs  require  only  Input¬ 
ting  the  desired  changes. 

Component  Structural  Analysis . 
For  preliminary  structural  analysis 
of  various  components  other  than 
the  propellant  grain,  traditional 
structural  analytical  techniques 
are  normally  utilized;  these  are 
available  In  a  wide  variety  of 
handbooks  and  textbooks,  such  as 
Roark  (Ref  18)  and  Timoshenko  (Ref 
19).  Frequently  these  calculations 
are  performed  manually  or  with  the 
aid  of  programmable  hand  calcula¬ 
tors.  For  more  detailed  structural 
analyses  the  same  finite  element 
computer  codes  as  discussed  under 
Crain  Design  Structural  Analysis 
are  normally  utilized.  On  occasion, 
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For  thermal  stress  analyses,  Hercules  uses  a  modified  version  of  Its  hPSA  finite  element  code.  Tills 
accepts,  as  Input,  geometry  and  temperature  data  from  tapes  generated  by  the  ORTHFAT  thermal  analysis 
code.  The  output  Is  the  same  as  previously  described  for  APSA. 

ggg». lea .  Mass  property  characteristics  of  all  components  are  critical  in  the  design  of  a 
missile  because  of  their  Influence  on  flight  dynamics,  guidance,  and  controls.  Typically,  for  rocket 
motors ,  the  specif Icatlon  for  the  propulsion  section  may  place  limits  on  loaded  motor  weight  and  on  loca¬ 
tion  of  the  longitudinal  and  radial  center  of  gravity  before,  during,  and  after  burning.  Calculation  of 
weights,  centers  of  gravity,  and  moments  of  Inertia  of  components  and  the  techniques  of  confining  these 
characteristics  for  several  components  to  obtain  the  weight  and  center  of  gravity  of  the  motor  are  not 
new.  However,  before  development  of  high-speed  digital  computers,  the  manual  techniques  were  tedious, 
time- consuming,  and  prone  to  error. 

Most  automated  mass  properties  programs  used  today  utilise  the  same  geometrical  techniques  that  have 
been  used  tor  years.  They  have  simply  been  adapted  to  the  computer  to  save  time  and  reduce  errors.  A 
Hercules  program  (WTCG)  is  typical  of  those  used  for  calculating  mass  properties  of  rocket  motors  and 
their  components.  The  components  are  divided  into  segments,  each  of  which  is  a  standard  geometrical 
shape  whose  dimensions,  location  and  orientation  are  specified.  Values  of  weight,  center  of  gravity  and 
moment  of  Inertia  are  computed  using  standard  formulas  for  each  shape.  The  program  then  performs  the 
calculations  necessary  to  combine  these  results  into  a  total  weight,  center  of  gravity,  and  moment  of 
inertia  for  the  part. 

The  general  plan  of  the  program.  Fig.  18, 
requires  that  each  component  be  resolved  into  a  col¬ 
lection  of  standard  shapes  and  that  dimensional 
pa  rami' ters  defining  each  be  submitted  as  input  data. 

Separate  subroutines  then  process  the  data  for  each 
entry;  resulting  in  a  weight,  center  of  gravity,  and 
three  properly  oriented  inertia  values  for  each  with 
respect  to  a  reference  coordinate  system.  Input 
data  for  each  entry  consist  of  the  dimensions  defin¬ 
ing  the  shape,  the  density  of  the  material  (material 
is  removed),  the  location  of  a  specified  identifying 
point  in  the  common  reference  system,  and  direction 
numbers  indicating  orientation  of  one  or  more  of  the 
principal  axes  of  the  shape  with  respect  to  the  com¬ 
mon  axis  system.  A  number  identifying  the  particu¬ 
lar  shape  must  also  he  furnished  with  each  entrv. 

The  program  contains  subroutines  for  43  differ¬ 
ent  standard  shapes.  Within  each  subroutine  the 
weight,  center  of  gravity  with  respect  to  the  common 
axis  system,  and  moment  of  inertia  with  respect  to 
the  principal  axes  of  the  shape  are  calculated  using 
standard  formulas  for  the  particular  shape.  Then, 
using  the  input  direction  numbers  that  describe  the 
orientation  of  the  shape,  the  moments  of  inertia 
about  the  center  of  gravity  of  the  particular  entry  in  the  common  reference  system  are  calculated.  After 
processing  each  separate  entry  the  main  program  contains  a  complete  set  of  weights,  centers  of  gravity, 
and  moments  of  inertia  values  for  all  elements. 

F.ach  of  the  formulas  programmed  represents  an  exact  solution  for  the  particular  shape,  thus  the  accu¬ 
racy  attained  is  limited  only  hv  the  ingenuity  used  in  representing  the  actual  design  with  combtnat Ions  ot 
the  available  shapes. 

Printed  results  consist  of  a  list  containing  the  weight,  center  of  gravity,  and  moment  of  inertia  for 
each  entrv.  Additionally,  the  respective  combined  values  for  each  of  the  subgroups  and  for  the  entire 
system  are  printed.  A  sample  output  Is  shown  in  Fig.  Id. 

Exhaust  F 1 nme  Cha r ac t e r i s t i c s .  Although  not  direct lv  a  design  factor  in  the  same  sense  as  propellant 
grain  and  component  design,  associated  performance ,  and  structural  and  thermal  analyses,  exhaust  plume 
visibility  Is  becoming  an  important  character 1st ic  in  rocket  motor  design,  particularly  with  motors  cast 
with  reduced-  or  minimum-smoke  propellants. 

Hume  character 1st ics  are  defined  in  terms  of  primary  and  secondary  smoke,  where  primary  smoke  refers 
to  the  solid  particulate  effluent  from  the  motor  and  secondary  smoke  to  »he  condensation  of  species  in  the 
plume  and  from  the  atmosphere.  Primary  smoke  can  he  controlled  hv  propellant  formulation,  whereas  secon¬ 
dary  smoke  and  the  visibility  thereof  depends  on  combustion  product  and  atmospheric  condition  and  inter¬ 
act  ion. 

Programs  to  develop  theoretical  prediction  of  exhaust  plume  smoke  are  being  developed  hv  the  U,  S. 

Air  Force  (Ref  20)  and  Naw  (Ref  21).  These  programs  focus  on  the  energy  release  from  plume  cooldown  and 
the  effect  on  condensation  of  the  plume  water,  on  water  soluble  species  in  the  plume,  and  on  moisture  In 
the  atmosphere.  Because  the  atmosphere  plavs  a  key  role  in  determining  the  secondary  smoke  formation, 
studies  are  ms#  being  directed  toward  better  definition  of  the  climate  (Ref  22). 

CONCLUDING  STATKMFNT 

The  availability  of  the  digital  computer  in  combination  with  development  of  finite  element  and  finite 
difference  methods  over  the  last  2*  years  has  drastically  altered  design  methodology  used  in  solid  rocket 
motor  design.  As  a  result,  t he  quality  of  design  and  the  efficiency  of  the  design  operation  have  improved 
significantly. 
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Figure  18.  '!ass  Properties  Program 
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Figure  19.  Sample  Muss  Properties  Program  Output 

An  attempt  has  been  made  In  this  paper  to  reflect  current,  typical  capabilities  In  the  area  of  design 
automation  in  the  USA.  Accordingly,  examples  have  been  used  that  are  neither  the  most  sophisticated  nor 
the  most  limited  in  the  various  areas  treated. 

In  the  future,  further  progress  certainly  Is  Indicated.  Particularly,  emphasis  Is  expected  in  the 
areas  of  computer-generated  graphics  to  aid  the  designer  and  analyst  and  in  CAD/''AM  (which  utilizes  the 
results  of  Computer  Automated  Design  to  produce  design  drawings  of  components  and  control  tapes  to  drive 
the  Computer  Automated  Machinery  that  fabricates  the  components). 
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H.F.R.Schoyer.  Delft  University  of  Technology.  Ne 

I  or  the  internal  ballistic  gram  design  you  made  your  calculations  by  the  method  of  successive  approximations. 
However  since  you  have  large  computers  available  it  should  be  possible,  alter  calculating  the  initial  conditions  tor 
flow  in  the  grain  with  mass  addition,  to  determine  the  variation  in  time  of  all  variables  by  solving  non-linear  algebraic 
equations.  This  would  appear  a  simpler  and  more  reliable  means,  l'heretore  why  use  the  method  ot  successive 
approximations? 

Author's  Reply 

The  successive  approximation  technique  is  used  to  couple  the  mass  rate  ol  gas  produced  by  the  grain  to  the  mass 
rate  of  discharge  permitted  by  the  nozzle.  This  facilitates  the  determination  ot  the  initial  condition  and  also  the 
axial  variation  of  pertinent  parameters  within  the  motor  chamber.  From  an  engineering  viewpoint  it  is  convenient 
and  efficient  to  employ  this  process  for  the  total  operating  time  with  the  existing,  available  computer  programme. 


H.F.R.Schftver.  Ne 

How  do  you  allow  for  discontinuities  in  the  grain  such  as  the  “moving  slot"  in  a  slotted  tube  grain  design? 

Author’s  Reply 

Basically  this  is  done  by  node  definition.  The  approach  is  a  quasi  steady  state  approximation  of  a  dynamic 
occurrence.  Discontinuities  or  rather  geometrical  variations  in  the  grain  are  accounted  for  by  appropriate  selection 
of  grain  nodes  The  forward  and  aft  grain  planes  defining  node  location  remain  fixed.  Nodal  description  such  as 
burning  perimeter,  surface  area,  port  or  flow  area  etc.  are  an  input  as  a  tunction  ot  propellant  web  distance  burned. 
Thus,  as  a  function  of  incremental  time  and  including  propellant  burning  rate  data,  the  geometrical  variation  of  each 
node  with  time  may  be  determined. 
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ALLUMAGE  ET  EXTINCTION  DES  PROPERGOLS  SOLIDES 
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REsum6 

Les  activity  menies  k  I'ONERA  sur  I'inflammation  et  I'extinction  portent  a  la  fois  sur  le 
propergol  lui-meme  et  sur  le  chargement  avec  un  dispositif  d'allumage  dom.6. 

Les  caractEristiques  d'allumage  des  propergols  composites  et  double  base  ont  tit  Studies  en 
exposant  des  Echantillons  k  un  jet  de  gaz  neutre  produit  par  arc  ainsi  qu'aux  produits  issus  d'un 
moteur  k  propergol  contenant  ou  non  de  I'aluminium.  Les  moyens  utilises  pour  etudier  I'inflam- 
mation  sent  les  techniques  de  visualisation,  la  pyromEtrie  infrarouge,  et  les  capteurs  k  ultra-sons 
qui  effectuent  un  contrdle  continu  de  I'Epaiseur  de  I'Echantillon.  On  observe  que  les  lois  d'inflam- 
mation  restent  les  mimes  quel  que  soit  le  type  d'Echauffement  (convection  -  conduction,  impact 
de  particules)  et  qu'elles  sont  contrdlEes  par  les  caractiristiques  de  digradation  des  composants  du 
propergol. 

Les  diverses  techniques  expirimentales  utilisies  dans  des  moteurs  k  ichelle  riduite  pour  itudier 
I'inflammation  des  propergols  et  la  propagation  de  la  flamme  sont  dicrites,  en  particular  les  flux- 
mitres. 

Des  exemples  (^application  de  ces  techniques  k  I'itude  de  I'allumage  des  moteurs,  avec  char- 
gements  de  propergols  composites  ou  double  base,  sont  prisentis. 

Les  itudes  menies  sur  les  caractiristiques  d'extinction,  limite  de  diflagration  aux  basses 
pressions  et  extinction  par  dipressurisation,  de  divers  propergols  composites  rivilent  I'influence 
des  paramitres  de  la  composition  :  taille  des  particules,  nature  du  liant,  et  prisence  d'additifs. 


IGNITION  AND  EXTINCTION  OF  SOLID  PROPELLANTS 

Summary 

Activities  carried  out  at  ONERA  on  ignition  and  extinction  are  relative  both  to  the  propellant 
'.per  se'  and  to  the  motor  grain  with  a  given  type  of  igniter. 

The  ignition  characteristics  of  composite  and  double  base  propellants  have  been  investigated 
by  exposing  samples  to  arc  generated  neutral  gas  jet  as  well  as  to  aluminized,  or  not,  propellant 
motor  exhaust.  The  means  used  to  detect  ignition  are  visualisation,  I.R.  pyrometer  and  ultrasonic 
transducers  continuously  monitoring  the  thickness  of  the  sample.  With  the  various  types  of  heating 
(convection  -  conduction,  particles  impact)  it  is  found  that  the  ignition  laws  remain  the  same,  con¬ 
trolled  by  the  degradation  characteristics  of  the  propellant  components. 

The  various  experimental  techniques  used  in  scaled  motors  for  the  investigation  of  propellant 
ignition  and  of  flame  spreading  are  described,  particularly  fluxmeters. 

Examples  of  applications  of  these  techniques  to  the  study  of  the  ignition  of  motors,  with  com¬ 
posite  at  well  as  double  base  propellant  grains,  are  presented. 

The  extinction  characteristics,  low  pressure  deflagration  limit  and  extinction  under  depressuri¬ 
zation,  of  various  composite  propellants  have  been  studied  revealing  the  influence  of  the  composition 
parameters  :  particle  size,  nature  of  the  binder,  presence  of  additives. 

I  -  INTRODUCTION 

De  tria  nombreux  travaux  portant  aur  I’allumage  dee  propergols  solides  composites  et  homogSnei 
tant  au  niveau  du  propergol  lui-mSms  qu’4  celui  du  propulseur  se  trouvent  dans  la  littErature.  Les  refe¬ 
rences  [1  -  9]  reprEsentent  une  selection  des  travaux  les  plus  significatifs,  les  references  [3  ,  6  ,  7]  et 
la  reference  [9]  pouvant  ?tre  consult®**  pour  une  liste  exhaustive  des  Etudes  d’une  part  sur  I’allumage  du 
propergol  et  d’autre  part  sur  l’ensemble  du  processus  dans  le  propulseur.  De  nombreux  travaux  ont  Egalement 
Ete  menEs  1  I’ONERA,  en  particulier  sur  l’alltauge  et  la  siise  en  pression  des  propulseurs,  rEfErences  [10  - 
133. 

Cas  travaux  ont  EtE  poursuivis  autant  en  ce  qui  concerns  1’ Etude  de  I’allumage  du  propergol  pro- 
prement  dit  que  l’Etude  de  la  propagation  de  l’inflaamatlon  dans  le  moteur,  avec  dans  ce  dernier  cas  1’amE- 
lioration  des  moyens  de  detection  dEjl  utilises  prEcEdement  [11]. 


-  CM  travaux  ont  M  affactuH  an  partia  tout  contrats  da  la  DRET  (Direction  daa  Racharthaa.  Etudes  at  Techniques,  Delegation  Generate  1 1' Armament!, 
de  la  SEP  (Societe  Europeanna  da  Propulsion)  at  da  la  SRPE  ( SociOtf  Rationale  das  Poudras  at  Expkmftl 
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Un  dea  buts  da  cette  presentation  eat  de  faire  la  liaiaon  entre  l'allumage  £tudie  au  niveau  de 
aoyena  de  laboratoire  at  lea  phtrominea  obaervta  dana  lea  propulaeura. 


Lea  phtnomdnea  rela.ifa  I  l'extinction,  objet  dea  r€f€reacea  [18  ,  19  ,  20],  aont  ega  lenient  abor- 
d^a,  en  particulicr  lea  paraadtrea  de  la  compoaition  qui  influent  aur  la  preaaion  limite  de  combuation  et 
lea  loia  d'extinction  en  fonction  d'une  depreasuriaation. 


2  -  CARACTERI ST 1QUES  D  *  ALLUMACE  DES  PROPERGOLS  SOLIDES 

l^a  €tudea  d'allumage  au  niveau  d' fcchantillons  ont  £te  menses  en  exposant  ceux-ci  a  des  flux  de 
chaleur  obtenua  par  rayonnement,  &  partir  d'un  four  [1],  d’une  image  d'arc  electrique  [4,5,  7],  ou  d'un 
faiaceau  laaer  d  C02  [7],  ou  par  convection,  d  partir  d'une  onde  de  choc  [2]. 


Cea  experiences  ont  €t€  reprises  et  pourauivies  d  l'ONERA  d  l'aide  de  deux  moyena  d'apport  de 
flux  de  chaleur  ndceaaaire  pour  l'allumage.  D'une  part  un  jet  de  gaz  chaud  neutre  (argon)  produit  dans  un 
genera teur  d  arc  et  d' autre  part  un  jet  de  gaz  iasu  d'un  propulseur  d  echelle  reduite  charge  en  propergol 
solide  composite  aluminia€  ou  non.  Ce  dernier  moyen  permet  1 'etude  dans  lea  conditions  existant  lors  de 
l'allumage  en  propulseur,  oil  le  flux  de  chaleur  re$u  par  la  surface  du  propergol  d  allumer  provient  de  la 
convection-conduction  des  gaz  (gaz  d  caractere  reducteur  et  pouvant  eventual lement  affecter  le  processus 
d' alluamge),  du  rayonnement  Sventuel  dea  gaz  et  particules  et  de  l'impact  possible  des  psrticule6  d'alumine. 

L' utilisation  de  cea  moyens  permet  d'obtenir  des  flux  de  chaleur  dans  une  gamne  importante  (de  1 
d  150  cal/cm^a)  (0,04  d  6  MW/m2)  et  de  simuler  des  d€lais  d'allumage  voisins  (ou  plus  courts)  de  ceux 
observes  en  propulseur.  Par  ailleurs  par  la  comparaison  dea  r£sultats  obtenus  (ici  et  dans  la  litterature) 
dans  diff£rentea  conditions  d'apport  de  chaleur,  de  niveau  de  pression  et  d' atmosphere  gazeuae,  il  doit 
etre  possible  de  conclure  quant  au  caractdre  de  gen€ralit£  des  lois  d'allumage  €tablies. 


Fig.  1  —  Evolution  de  la  temperature  de  surface  d'un 
propergol  composite  en  cours  d’allumage  dans 
un  propulseur. 


La  figure  1  permet  de  pr€ciaer  lea  Stapes  de  l'allumage. Lorsque  la  surface  d'un  propergol  est 
exposes  d  un  flux  de  chaleur  une  onde  thermique  s'y  propage  et  sa  temperature  de  surface  ij  s'Sleve.  Les 
reactions  de  degradation  du  propergol  sont  tout  d'abord  lentes,  suivant  une  mont€e  reguliere  en  fonc¬ 

tion  du  temps.  Lorsque  atteint  un  niveau  suffisant  les  reactions  de  degradation,  tres  sensibles  d  la 
temperature,  deviennent  import antes  au  voisinage  de  la  surface,  donnant  lieu  d  un  processus  exothermique 
(soit  en  phase  gazeuae,  aoit  en  phases  condensee  et  gazeuse)  qui  vient  s'ajouter  au  flux  exterieur,  la 
te^>6rature  de  surface  variant  alors  trda  rapidement  et  une  flanme  s'etablissant .  Paralldiement,  au  niveau 
du  propulseur,  le  debit  naiaaant  iasu  du  propulseur  pressurise  la  chambre  jusqu'd  atteindre  un  regime  de 
fonctionnement  etabli.  Lea  deiais  d'allumage  detectes  ici  sont  t-aH  ,  le  temps  correspondent  2  1' amorce  de 
reactions  actives  2  la  surface  du  propergol,  et  le  temps  requis  pour  atteindre  l'etablissement  d'une 

fla«e.  Le  temps  tty,  d'atteinte  d'un  regime  etabli’ depend  evidemment  des  caractdristiques  du  propulseur 
et  de  la  rfponse  dynamique  du  propergol. 

2. I  -  Dispositifs  utilises 

Un  vue  du  generatcur  2  arc  est  presentee  sur  la  Figure  2.  Ce  genCrateur  fonctionne  avec  des  de¬ 
bits  d'argon  da  quelques  g/s,  une  pression  d'arret  de  quelques  bars  et  des  temperatures  de  gaz  jusqu'2 
1500*C,  ces  derni2res  ecant  mesurfes  2  l'aide  d'un  thermocouple  platine-platine/rhodie  introduit  dans  le 
jet  en  cours  d'essai  (son  indication  etant  corrigie  des  pertes  par  rayonnement).  La  mesure  du  flux  est 
obtenue  2  l'aide  d'un  fluxm2tre  capacitif  en  cuivre  introduit  pour  quelques  secondes  dans  le  jet.  L'echan- 
tillon  est  un  cylindre  de  5  ass  de  diamitre  et  de  3  mn  de  profondeur  protege  lateralement  dans  une  gaine 
isolante  en  durestos,  introduit  en  point  d'arrSt  en  environ  I  ms  dans  le  jet  par  un  verrin  pneumatique . 


Vue  d'ensemble  du  montage  d  etMn 

I  Pyrometre  -  2.  generateur  d  arc  -  3.  photomultipli-  I.  Porte  echantillon  -  2.  tuvere  ■  3.  thermocouple  - 

cateur.  4.  flux  met  re. 

Fig.  2  -  Dispositif  d'al/umoge  par  jet  de  gar  chaud. 
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Fig.  3  -  Detection  de  I'allumage  et  mesure 
de  la  temperature  de  surface  d'un 
propergol  solide  composite. 
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Fig.  4  -  Detection  de  I’allumage  d’un  pro¬ 
pergol  solide  composite. 
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L a  detection  de  l’allumage  est  obtenue  grace  aux  indications  d'un  pyrometre  infra-rouge  visant 
directement  la  surface  de  1 'fchantillon  et  d'un  photomultiplicateur  visant  la  zone  au-dessus  de  la  surface 
du  propergol.  On  voit  sur  la  figure  3  que,  dans  le  cas  d'un  propergol  composite,  il  est  possible  de  d£tec- 
ter  la  mont£e  reguliere  de  la  temperature  de  surface,  puis  sa  deviation  abrupte  lorsque  lea  reactions  chi- 
miques  superf icielles  s'amorcent,  avec  en  paralieie  la  reaction  du  photomultiplicateur  &  l'apparition 
d'une  flamme,  donnant  ainai  une  determination  claire  du  temps  tall.  .  Par  la  suite.  Figure  4,  il  est  pos¬ 
sible  de  detecter  l'f tablissement  d'une  flamme  et  l'atteinte  d'un  regime  de  combustion  etablie,  correspon¬ 
dent  au  temps  tl  existant  pour  lea  conditions  de  pression  considerfes.  Dans  le  cas  des  propergols  homo- 
genes  la  flame  qwi  so  dfveloppe  au  niveau  de  l'echantillon  n'est  pas  suf f isament  lumineuse  pour  donner 
un  signal  de  photocniltiplicateur  utilisable  et  aeule  la  lecture  du  pyrometre  infra-rouge  sert  S  la 
detection. 


Fig.  5  Vue  du  moteur  pour  essais  d 'all u mage. 
/.  Mat  porte  echantillon  ■  2.  protection  -  3.  tuyere. 


Pour  completer  les  resultats  obtenus  avec  le  generateur  a  arc,  des  essais  d'allumage  ont  ete 
effectues  par  exposition  d ' echant i 1  Ions  dans  le  jet  d'un  petit  propulseur  h  propergol  PA-PBC  ou  PA-PBC-alu- 
minium  (Figure  5).  L' echantillon  monte  sur  un  mat  face  a  la  tuyere  du  propulseur  est,  pendant  la  phase 
d'allumage  de  celui-ci,  protegtf  par  un  6cran  qui  se  relive  ensuite  et  le  d€couvre  en  une  fraction  de  milli- 
seconde  (au  vu  de  films  4  environ  6000  i/s).  En  faisant  varier  la  distance  echantillon-tuyere  il  est  possi¬ 
ble  de  changer  le  flux  de  chaleur  requ.  La  mesure  de  ce  flux  est  effectuee  par  fluxmetres  capacitifs  a 
pastille  de  cuivre  monte,  dans  un  essai  r^petitif,  en  place  de  1 ' Echant illon  de  propergol  a  allumer.  La 
bonne  concordance  entre  la  lecture  d'un  pyrometre  visant  la  surface  du  fluxmetre,  expose  pour  cette  compa- 
raison  dans  le  jet  du  generateur  3  arc,  et  celle  du  thermocouple  qui  y  est  iicorpore  (figure  6)  montre  la 
validite  de  la  mesure. 


Dans  le  cas  de  1' exposition  dans  le  jet  du  propulseur,  dont  le  chargement  est  en  pTopergol  alu- 
minise  ou  non,  la  visee  de  la  surface  de  l'€chantillon  a  allumer  par  pyrometre  ou  par  photomult iplicateur 
est  pratiquement  impossible.  Afin  de  detecter  l'allumage,  un  capteur  &  ultra-sons,  Figure  7,  est  monte  a 
l'arriere  de  l'echantillon,  protege  par  un  materiau  de  couplage,  et  permet  une  mesure  continue  de  son 
epaisseur  et  en  particulier  une  determination  precise  du  moment  oO  le  propergol  s'allume  et  comnence  a  r£- 
gresser.  Cette  technique  de  mesure  des  vitesses  de  combustion  a  ete  appliquee  pour  un  certain  nombre  d'etu- 
des  [14]. 
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Fig.  6  Etalonnage  du  fhismitre  expose  dans  le  gene 
rateur  d  are. 


hig.  7  Schema  de  prineipe  de  la  mesure  par  ultra-sons. 
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AO  X  200  i 
I'ltAA  I  AX 


I'HAA  7JX  lb  X  noli  ila  carbon* 
(oonorAi ion) 


t'atalvaam 

(C.C.) 


Ki'tiaul  i  I  Iona  axpoaAa  A  un  flux  ila  convert  ion  an  lulia  A  choc  (20  A  IM>  cal /cm" a).  Al  mo  a  ■ 
pltAra  0,  ou  Nt,  praaaion  ila  20  A  2S  Aar*. 

I  J  SSlllllfll*  '.Kfi 

a/  Proparpol  rompoaite  62X  ila  I'.A.  ipranulomAt i ie  .la  I  S  A  260  urn)  -  PMC,  Arhant  i  l  Ion  expoa* 
ilaua  la  |at  tin  pA-.tei  at  am  A  arc  (arpon),  fipure  2. 

i  t nil i i|tia  la  tIAtai  ij.al  la  dAlai  t  J  pom  At al'l i aaamaul  tl'una  flaaana,  voir  fip.  A. 

b/  K4me  ptoperpol  t-oaipoaita  62  X  ila  I’.A. 

+  Ai-liaut  i  I  Inn  .Ian*  la  ,|al  tin  propulaam,  fip,  A.  A  i-hatpement  non  aluminiae  (proper* 

pol  66  X  .la  I'.A.-PAC). 

•  A.liant  i  I  ton  ilaua  la  Jet  .In  propulaam  A  . bat  pemant  atuminia*  (proparpol  P.A.-P6C 

A  20  X  .1’ aluminium)  . 

a/  I'ropamol  I'ompoaiia  bl.A  X  I'.A.,  16,2  X  polyurAthane,  lb, A  X  aluminium. 

P~.T|  Al  luaiaita  ilaua  un  propulaaur  cylindrii|ue  A  cavitA  AtoilAa  ,  L  a  2  m,  allumaur  rltarpA 
an  proparpol  ItomopAne,,  r  A  f .  1 1 0 1 .  IIAI  arwinat  ion  ilaa  flux  par  fluxmAtraa  ila  convection 
at  ila*  iblaia  par  fluxmAtraa  .la  rayounamant  tncorporA*  ilaua  la  bloc  .la  ptopatitol  A  al  lu- 
mar.  OAt armlual  ion*  aaaax  iniaitaina*. 

[  l".  A )  Allumape  ilaua  un  propulaam  A  aurfai-a*  plana*,  l  o  0,1  m.  allumeui  chat  pc  an  proparpol 
InaxopAne,  rAf.  1 171. 

2.  I'l  opal piil a  homopAna*  ni  I  roi  e I  luloaa-ni  t  roj|ly.'Artu* 

fitflylisilA'SfifiA 

1,1,  Tampa  tk|.  *1  tamp*  ij  ,1'Atabliaaamaul  il'una  Mamma,  aur  Ai-hant  I  lion*  raa- 
pact  tvaataut  ila  620  cal./p  at  lltXi  oal./p  axpoaAa  dan*  la  Jat  du  pAnArataur  A  air,  fip.  2. 

3-3  fifty liflie.itt_Siib.12!! 

Proparpol  K2  ( I tH>0  cal./p),  Arhantlllona  axpoaAa  an  flu*  da  rayonnamanl  d'una  laaqi* 

A  are,  flux  &  2  cal. /ear a  ■ 

Courb*  0  •  f**al**'«  dAlai  d'allixxapa-f In*  ralcuU*  an  fonrtion  il'una  rAactton  ila  dApra- 
ilalion  an  ptiaa*  condanaAa . 

J-J  Bfiylisii.ilt.bt_Lyi:flA_i;ili)ifli!U.LZl 

Courb*  @.  proparpol  hotaopkn*  n*6,  A.liant  I  Ilona  axpoaAa  an  flux  da  rayounamant  d'una 
lamp*  A  arc,  flux  &  2S  ra)./rm*a. 


Pour  ce  qui  est  des  propergols  composites  a  base  de  perchlorate  d'  ammonium  il  ressort  de  la  bonne 
concordance  des  resultats  ONERA  entre  eux  et  avec  ceux  de  Baer  et  Ryan  [1  >  2]  un  certain  nombre  de  conclu¬ 
sions  importantes. 

1 /  Le  mode  d'apport  du  flux  de  chaleur  n'a  pas  d’ influence  sur  le  delai  d'allumage 

Seul  compte  le  niveau  de  flux  requ  par  le  propergol,  que  ce  flux  soit  apporte  par  rayonnement, 
par  convection-conduction  (de  gaz  neutres  ou  chimiquement  rAducteurs)  ou  avec  participation 
d'impacts  de  particules  d'alumine  (experiences  d'allumage  en  exposition  directe  dans  le  jet  du 
propulseur  A  chargement  aluminise,  fig.  5). 

2/  Le  niveau  de  pression  et  la  nature  des  gaz,A  flux  de  chaleur  donne,  n'intervient  pas. 

Cette  conclusion  ressort  des  resultats  de  Baer  et  Ryan  [1  ,  2]  pour  lesquels  le  niveau  de 
pression  varie  de  0,2  3  25  bars  et  de  ceux  de  l'ONERA  ou  la  pression  d'arret  des  jets  varie 
de  quelques  bars  (generateur  a  arc)  A  plusieurs  dizaines  de  bars  (propulseur  d'essai). 

3/  La  reaction  de  degradation  qui  pilote  l'allumage  est  caracteristique  du  perchlorate  d'ammonium 

Les  propergols  considSres  comportent  differents  liants,  polybutadienes,  polyurethane  (jusqu'A 
du  noir  de  carbone  non  volatilisable  A  ces  niveaux  de  temperature),  des  catalyseurs,  de  1' alu¬ 
minium,  et  cependant  la  loi  d'allumage  reste  unique.  II  apparalt  done  que  e'est  la  degradation 
intrinseque  du  P.A.  qui  declenche  l'allumage. 

Dans  le  cas  des  propergols  homogenes  le  domaine  des  conditions  d'allumage  utilisees  est  moins 
vaste,  cependant, de  la  concordance  entre  les  resultats  ONERA  et  ceux  de  Suh  [5]  et  De  Luca  [7], des  conclu¬ 
sions  similaires  A  celles  acquises  pour  les  propergols  composites  ressortent.  En  particulier  on  note 
l'absence  d'influence  nette  du  niveau  de  pression  (pression  jusqu'A  20  bars  pour  la  ref.  [7],  environ  SO 
millibars  pour  [5]  et  pression  d'arret  du  jet  d'arc  de  quelques  bars  pour  les  resultats  ONER^.  Par  ailleurs 
on  voit  que  les  resultats  ONERA  obtenus  pour  des  propergols  de  potentiel  calorifique  differents  se  con- 
fondent.  Cela  va  dans  le  sens  d'une  reaction  de  degradation  en  phase  condensee  dont  les  caractAristiques 
sont  proches  pour  les  composants  nitrocellulose  et  nitroglycerine  du  propergol,  comme  Agalement  observe 
pour  la  combustion  etablie  des  propergols  homogenes  [16]. 

2.3-  Interpretation  et  correlation  des  resultats,  propergols  homogAnes 

Les  observations  prAcedentes  permettent  de  considerer  que  l'allumage  (au  sens  de  la  premiere  mani¬ 
festation  d'activite  chimique  A  la  surface  du  propergol,  correspondant  au  d61ai  tall.de  la  fig.  I)  est  du 
A  des  reactions  de  degradation  en  phase  condensee.  Dans  le  cas  des  propergols  homogenes,  Suh  [5]  a  consi¬ 
der  1 'elevation  de  temperature  d'un  propergol  homogAne  sounds  A  un  flux  de  rayonnement  constant  et  subis- 


sant  utie  degradation  exothermique  d'ordrr  zero,  le  profit  de  temperature  resultant  alors  du  bilan 


(I) 


feE 

1  it 


*  21 
ul 


to'7  s  1  et  Ep  «  40  10^  cal. /mole, 


oil  X  ,  f  ,  C-  aont  les  conductivity,  masse  spccifique  et  chaleur  spccifique,  et  AjEples  chaleur 

de  reaction  et  caractyrisliqucs  de  degradation  du  propergol.  l.a  forte  sensibility  it  la  tempyrature  de  cette 
reaction  de  dygradation  conduit  d  une  evolution  de  temperature  superf icielle  comme  indiquy  fig.  1.  L'a.ius- 
tement  des  parameters  de  la  description  par  le  calcul  pour  obtenir  1 'accord  avec  les  ryaultats  expyrirentaux 
conduit  3  : 

60  cal./g,  A 

correspondant  A  la  eourbe  Q  de  la  fig.  8.  On  voit  que  cette  description  rend  assez  bien  compte  de  l'en- 
semble  des  r£sultats  relatifs  sux  propergols  homogenes.  II  est  int^ressant  de  noter  que  ces  caract6rist i- 
ques  de  degradation  en  phase  condcns6e  permettent  par  ailleurs  de  bien  rendre  compte,  voir  fig.  3  de  la 
r#f.  [  1 1> ] ,  des  niveaux  de  temperature  existant  en  combustion  £tablie. 

O' une  manifcre  simple,  on  peut  caracteriser  I'allumage  des  propergols  homogenes  par  la  temperature 
superf icielle  A  atteindre  pour  que  se  d^clenchent  des  reactions  exothermiques  actives.  On  sait  que,  dans  le 
css  le  plus  simple  d'un  flux  exterieur  constant  <|>  ,  la  loi  de  mont£e  en  temperature  sviperficielle 

en  fonction  du  temps  est  : 

^2)  fiiix-A/rV 


(ti-t-)-  f  f  a) 


oo  r1  =.  c  t .  xr  est  l'effusivite  thermique.  Cette  loi  permet  de  calculer,  A  flux  donne^  la  temperature 
atteinte  a  pres  le  temps  d'allumage  observe  experimentalement  (pour  T  •  0,02  cal./K  cm1  s'/2#  Unc  valeur 
moyenne),  que  l'on  voit  sur  la  figure  8  etre  proche  de  450K  et  asset  peu  Evolutive  avec  le  niveau  de  flux. 


2.4-  Correlation  des  resultats,  propergols  composites  au  perchlorate  d'amnoniuro 

l.es  temperatures  superf iciel les  atteintes  en  cours  d'allumage  des  propergols  composites  au  P.A. 
sont  bien  en  dcssous  de  la  temperature  estimee  pour  la  fusion  de  celui-ci,  au-delA  de  laquclle  des  reactions 
en  phase  condens^e  se  produisent  et  jouent  un  role  important  pour  la  combustion  etablic  1151.  II  apparatt 
que  I'allumage  correspond  A  des  reactions  superf iciel les  de  sublimation  dissociative  : 


N  W  *  f  WCfOV. 


Dans  ce  cas,  et  e'est  ce  que  Baer  et  Ryan  [1.2]  ont  consid#r6,  Involution  de  la  temperature 
resulte  du  bilan  : 
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it 


Y±\ 

Xf-J  in* 


avec,  dans  le  cas  d'un  flux  exterieur  constant,  la  condition  limite  A  la  surface  : 

<*>  f*  , 

2 

avec  !*>  en  cal. /cm  a.  Baer  et  Ryan  [1  ,  2]  ont  appliquC  cette  model iaation  et  ajnsty  lea  paramclros  pour 
rendre  compte  dea  ryaultata  experimentaux.  II  eat  on  fait  poaaible  de  corryior  cea  ryaultats  dr  maniyre 
plua  simple.  Si  l'on  conaidyre  que  I'allumage  ae  produit  lorsque  le  flux  de  chaleur  produit  il  la  surface 
par  lea  factions  de  dycomposition  (et  la  flammc  correapondante)  atteint  la  valeur  du  flux  d'allumage  on 
obtient  la  condition  :  .  , 
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tea  temperatures  atteintes  en  surface  aprfs  le  delai  observe  experimentalement  et  pour  le  flux 
conaidyry  peuvent  etre  yvaluyra  3  partir  de  1 'expression  (2)  (pour  i  -  0,02)  ;  elles  sont  reportyes  sur 
la  figure  8.  Kn  appliquant  la  relation  (5)  en  deux  points  de  la  eourbe  expyrimentale  on  peut  alors  yvaluer 


1  .4  10' 


23  kcal./mole. 


qui  reportfs  dans  (5)  permettent  de  corrfler  la  totality  de  la  eourbe  des  ryaultats  ONFRA  de  1  3  I SOcal /an‘s . 

On  peut  alors  conaidfrer  la  loi  d'allumage  des  propergols  composites,  pour  le  cas  le  plus  simple 
d'un  flux  constant,  sous  la  forme,  3  partir  des  relations  (2)  et  (5), 


(6) 


M*-f  f[b/^$( f)-  V 


correspondant  3  la  droite  traefe  au  travers  des  points  ONFRA  de  la  figure  8.  Si  l'on  exprimr  la  pent,  de 
cette  loi  dans  la  reprAaentat ion  de  la  figure  8,  on  obtient  : 
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ou,  pour  une  valeur  moyenne  7e-||  2Z.  650  K,  une  pente  de  -  l  +  4  TT0! o/Ed  .  one  relation  tree  proche  de 
celle  trouvce  en  [1  ,  2].  ’ 

D*une  maniere  plus  simple*  et  de  meme  que  pour  les  propergols  homogenes,  on  peut  caracteriser 
l'allumage  des  propergols  composites  a  base  de  P.A.  par  une  temperature  superf iciel le  a  atteindre.  On  voit, 
figure  8,  que  de  560  K  3  2  cal./cm2s  elle  atteint  690  K  a  100  cal./cm^s. 


3  -  ALL  IMAGE  DES  PROPERGOLS  S0L1DES  EN  PROPULSEUR 


Les  essais  sur  echantillons  de  propergols  composites  ct  homogenes,  soumis  3  des  flux  de  chaleur 
varies  (convection,  impact  de  particules,  rayonnement) , ont  montre  que  1 'inf lamnation  du  propergol  corres- 
pondait  3  une  valeur  critique  (l£g3rement  evolutive)  de  la  temperature  superf iciel le .  Ce  concept  de  tempe¬ 
rature  superficielle  d' inf lammation,  souvent  utilise  dans  les  etudes  d'allumage  (10)  18)  I9],a  6t6  retenu 
pour  l'etude  de  1 ' inf lammat ion  et  de  la  propagation  de  la  flamme  des  propergols  Bolides  en  propulseurs. 


Les  evolutions  de  temperature  superficielle  du  propergol  sont  deduites  des  rbponses  de  fluxmetres 
3  temperature  superficielle  disposes  3  la  surface  du  chargement.  Le  principe  de  ces  fluxmetres  est  base 
sur  la  mesure  de  la  temperature  superficielle  d'un  element  calorimdtrique  isolant,  assimilc  3  un  milieu 
semi-infini  durant  toutc  la  duree  de  la  mesure.  Les  lois  de  la  conduction  appliquecs  3  cet  element  calorimf- 
trique  permettent  de  relier  1 '  augment  at  ion  de  temperature  superficielle  .ATj,  au  flux  de  chaleur  <£  pene¬ 
trant  3  sa  surface,  avec  V  I'effusivite  thermique  de  l'isolant  (supposes  constante),  ■*" 


(8) 
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expression  qui  sc  reduit,  dans  le  cas  d'un  flux  constant,  A  l'#q.  (2)  .  En  supposant  l'cgalite  des  flux  de 

chaleur  1  la  surface  du  propergol  et  du  fluxmetre,  on  en  d£duit  que  leurs  augmentations  de  temperature 
superficielle  sont  dans  le  rapport  inverse  des  effusivites  : 

(9)  fc  3^/uxwi. 

(^Ts)(|uym.  (\J  A  fcT )  ^ . 

Les  caracteristiques  the  race inctiques  du  propergol  sont  determindes  par  la  methode  exp6rimentale  de  CLASK- 
KINGST0N. 


Le  flux  de  chaleur  penetrant  3  la  surface  du  propergol  sera  d£duit  de  Involution  des  temperatu¬ 
res  superf icielles  mesurees  par  les  fluxmetres  3  partir  de  la  relation  : 


o°)  ^  (t)  =  _n 

l  \[t^Z 

3.1  -  Descr ip ti^on_des_ fluxmetres  (Figure  9) 
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Fig.  9  Flusmttres. 

-  Fluxmetres_totaux 

L' element  calorimdtrique  est  un  cylindre  de  4  mm  de  diametre,  de  4  mm  de  hauteur,  en  silice  pure 
fondue.  L'eiement  thermometrique  est  un  film  de  platine,  d'une  fpaisscur  de  l'ordre  de  0, 1  u  obtenu  par  un 
procede  de  pulverisation  cathodique  [17] .  Les  bomes  de  connexion  sont  rfaliseea  par  un  depot  de  peinture 
3  1  *  argent .  Une  gaine  en  durestos  assure  l'isolement  thermique  et  eicctrique  du  fluxmetre. 

Ces  fluxmetres  mesurent  le  flux  de  chaleur  du  3  la  convection,  3  1' impact  des  particules  et  une 
partie  du  flux  de  rayonnement. 

-  Fluxm8tres_de  rayonnement 

Les  fluxmftres  de  rayonnement  utilises  sont  realises  suivant  le  men*  principe.  Ila  comportent  en 
outre  une  mince  couche  absorbante,  peu  selective,  faite  de  noir  de  fumf e  avec  liant  organique.  Un  disque 
de  silice  permet,  pendant  touts  la  duree  de  la  mesure,  d'iaoler  l'eiement  sensible  de  l'ecoulewnt. 

La  valeur  du  coefficient  d' absorption  qui  est  directcment  liee  3  l'bpaisseur  de  la  couche  absor¬ 
bante,  est  determines  3  partir  de  la  reponse  du  fluxmetre  3  un  flux  de  rayonnement  periodique  (11). 


3-Y 


Le  ftyi  de  chaleur  du  A  la  convection  et  A  1' impact  dea  particulea  C^)  *t  le  flux  de 

rayonncment  aont  deduita  du  flux  meeurf  par  le  fluxmitre 

rayonnement  <j'  Ct}  • 

<»>  fj*)  -  -jco  -  f  i 

/ 

en  dfeignant  par  3  et  St  lea  coefficienta  d'abaorption  du  fluxaAtre  total  et  du  fluxmitre  de  rayonne- 
ment.  L' experience  montre  quc  cea  coefficienta  ont  pour  valeura  moyennea  : 

3  -  0,25  ;  0,80  . 


total  cj(t)  et  par  le  fluxmitre  de 

\G)  , 


ponae  du  fluxmi 
(12) 


De  mime  l'ilivation  de  temperature  auperficielle  p£t )du  propergol  eat  diduite  de  la  tf- 

luxmitre  total  C*}  et  du  fluxmitre  de  rayonnement  1  partir  de  la  relation: 

AVe>  -  -p-*w  r  4W0  ,  ATS„<W, 

r  ffep.  L  a'  j 


en  dfeignant  par  le  coefficient  d'abaorption  du  propergol. 

3.2  -  Qualification  en  propul aeur 

Cea  fluxmitrea  devant  etre  utiliefa  comae  dftecteure  d ' inf laoaution  ont  #ti  qualififa  en  propul- 
seur  d  partir  d'eaaaia  inerte  et  en  combuation. 


photodiodes 


Fig.  10  Montage  de  qualification. 


Fig.  1 1  Correlation  des  signal/  \  des  flu  \  met  res  et  des 
detecteurs  d'inflammation. 


Le  diapoaitif  experimental  utiliaf  eat  un  propulaeur  bidimenaionnel  3  voyant,  apfcialement  inatru- 
menti,  muni  d'un  chargement  conatitui  de  2  lamellea  de  propergol  F. A. -polyurethane-aluminium,  l'allumeur  du 
type  roquette  fonctionnant  avec  un  propergol  de  meme  nature  (figure  10).  La  viaualiaation  de  la  combuation 
ext  effectufe  au  moyen  d'un e  camera  rapide  PHCTOSONICS,  dont  la  cadence  de  priac  de  vue  peut  atteindre 
1000  imagea/aec.  L' inf lammation  du  propergol  eat  rcperee  A  I'aide  de  photodiodea  au  ailicium  A  court  tempa 
de  riponae,  dont  le  maximum  de  aenaibilitf  ae  aitue  dana  le  proche  infrarouge.  Ellea  aont  monteea  affleu- 
rantea  A  la  aurface  du  chargement  en  regard  dee  fluxmitrea  A  temperature  auperficielle.  F.n  comparant  lea 
reponaea  obtenuea  lora  d'eaaaia  inerte  et  en  combuation,  on  deduit  l'inatant  correapondant  A  l'inf  lama- 
tion  du  propergol  (Figure  II  :  point  I).  Lea  viaualiaationa  effectufea  lore  de  cea  eaaaia  aont  en  bon 
accord  avec  lea  aignaux  dflivrfa  par  lea  photodiodea.  A  cet  inatant  de  1 ' inf lammation, repirf  par  la  photo¬ 
diode,  correapond  une  elevation  de  temperature  auperficielle  meauree  par  le  fluxmitre  total  de 

I'ordre  de  I75*C,  celle  indiquee  par  le  fluxmitre  de  rayonnement  etnnt  nfgligeable.  Compte  tenu  dea  valeura 
dea  effuaivitia  de  la  ailice  et  du  propergol,  elle  correapond  pour  le  propergol  A  une  tea^frature  auperfi¬ 
cielle  d' inflammation  voiaine  de  620  K,  valeur  qui  eat  en  bon  accord  avec  lea  rfeultate  dea  meauree 
effectufea  dana  cette  game  de  dflaia  aur  dea  fchantillona  de  propergola  compoaitee,  fig.  8. 

Lea  eaaaia  en  chargement  inerte  ont  permia  de  controler  la  bonne  tenue  du  film  de  platine  aoumia 
au  jet  de  l'alluawur. 


0160mm 


3.3-  Application! 

D«uz  exeaqples  d' application  da  cattc  mt thodologie  A  l'ftude  dea  proceaaua  d '  inf  laanat  ion  at  de 
propagation  da  la  flaane  aont  prdsentAa.  11a  concernant  d'una  part  daa  propulaaura  munia  da  bloca  da  proper- 
gol  composite  A  cavitf  uainde  oO  l'allumage  eat  rfaliad  au  moyen  d'una  petite  roquette,  at  d'autre  part  dea 
propulaaura  A  court  teapa  de  combuation  munis  da  chargeaient!  de  propergol  homogdne  allumfa  par  une  composi¬ 
tion  pulvdrulante.  Pour  caa  typea  de  propulaeur  la  complexity  de  1  'fcoulement  dea  gar  provenant  de  l'allu- 
aieur  ne  permet  paa  une  approche  thdorique  simple  de  1* inf laamation. 


Deiai  dint  lammation 
A  (ms) 


Position 


Fig.  13  Inflammation  d'un  bloc  mine  ■  Propergol 
composite. 


Fig.  1 2  Propulseur  0  chargement  usine 


Pression  (bars) 


Fig.  14  Evolution  des  pressions  dans  un  propulseur 
d  chargement  usine. 
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Fig.  IS  Cartographic  des  flux  de  chaleur  i)  la  surface  dim  bloc  usine. 


-  Propergol  composite 

Le  propulacur  d'Atude  comport e  un  chargement  cylindrique  en  propergol  P.A.-polyur£thane-alumi- 
niua  avcc  un  canal  central  at  6  encochea  Cgaleaent  r£partiea  (fig.  12).  La  tuyere,  fortement 
int£gr£e,  eat  munie  d'un  opercule  dont  la  preaaion  de  rupture  eat  voiaine  de  20  b.  L'allumeur, 
dispose  aur  le  fond  avant,  eat  une  coquette  utilieant  un  chargeoent  de  propergol  de  me  me  nature 
qua  celui  du  propulacur,  A  aurface  degressive,  Aquipee  d’une  tuyere  dont  le  diaoitre  au  col  eat 
de  5,7  uaa.  Lea  preaaiona  dana  le  propulaeur  et  dans  l'alluoeur  aont  mesurees  par  des  capteurs 
pi£xo61ectriquea  K1STLER.  Dea  fluxnitrea  totaux  et  de  rayonneoent  aont  dispoa£a  tout  le  long  du 
canal  central  et  dans  le  fond  de  cheque  encoche. 

Lea  d£lais  d' inflaanation  le  long  du  chargeoent  ont  ttt  determines  2  partir  de  la  rfponae  dea 
fluxmAtres  totaux,  celle  relative  aux  fluxmAtrea  de  rayonneoent  etant  nfigligeable,  la  temperature 
auperf icielle  d' inf laamiation  du  propergol  etant  prise  Egale  A  620  K.  Lea  valeura  ainsi  obtenues 
oontrent  qua  1 ' inf laaaaat ion  se  produit  presque  siaultandoent  dana  tout  le  canal  central  et  ae 
propage  enauite  lentcment  le  long  de  cheque  encoche  (Fig.  13).  L'£volution  des  preaaiona  oeaurCes 
traduit  bien  ce  ph£nom£ne  (Fig.  14).  La  cartographie  des  flux,  dCduits  des  oeaurea  de  temperatu- 
res  auperf iciellcs,  met  bien  en  evidence  1' evolution  diff£rente  dea  transferta  de  chaleur  entre 
le  canal  central  et  le  fond  des  cavitAa  (fig.  15). 


#5.4  mm 
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homog#n» 
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Fig.  16  Propulseur  d  chargement  lamella  ire. 


Fig.  17  Inflammation  d’un  element  de  ehargement 
lamellaire  ■  Propergol  homogene 


Fig.  18  Repartition  des  flux  de  chaleur  <)  la  surface  d’un 
element  lamellaire. 


Temps  (ms) 


-  Propergol  homogene 

Pour  l'etude  de  1' inf laamatlon  dea  chargementa  lamellairea^un  propulseur  A  chargement  £ lemon 
taire,  conatitu£  de  2  lame  Dos  de  propergol  double  base  extrudes  6t£  utilise.  Dans  la  tuy£re, 
munie  d'un  obturateur  dont  la  preaaion  de  rupture  eat  voiaine  de  200  b,  un  allumeur  constituf 
d'une  petite  charge  de  poudre  noire  eat  place.  Le  long  de  la  perforation  aont  disposes  dea 
capteurs  de  preaaion  pifzo£lectriques  KISTLER  et  dea  fluxmAtrea  en  regard  (Fig.  16). 

Come  pour  l'etude  dea  blocs  usin£a,  lea  deiaia  d' inflaaanation  ont  6t (  deduita  de  la  r£ponse  di 
fluxmAtrea  totaux,  le  flux  de  rayonnement  mesure  etant  n£gligeable,  la  temperature  superficial' 
d' inf laamatlon  du  propergol  hoaogtne  etant  prise  Agale  A  ~  460  K.  Lea  meaures  effectuAea  mon- 
trent  qua  1' inflaanation  dCbute  aur  le  fond  arriAre  et  ae  propage  trAa  rapidement  tout  le  long 
du  chargement  (fig.  17).  Lea  evolutions  de  flux,  dAduites  de  cea  mesurea,  aont  pr6aent£ea 
(fig.  18). 
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A  -  CAKACTEKISTIQUES  D' EXTINCTION  DES  PROPERGOLS  SOLIDES 

II  eat  important  pour  1 ' application  del  propulseurs  modulds  de  connattre  lea  paramdtres  qui  con- 
ditionnent  l'extinction  d'un  propergol,  auaai  bien  aa  preaaion  limite  intrinsique,  la  "preaaion  limite  de 
deflagration"  PLD,  qua  Involution  de  cette  preaaion  d'extinction  en  fonction  de  la  viteaae  de  ddpressuri- 
aation  dp/dt  .  Lea  rdfdrences  [18  ,  19  ,  20]  sont  signif icativea  dea  travaux  que  l’on  trouve  dans  la 
littdrature,  lea  deux  preaidrea  relativea  a  la  pkI>  et  la  troisidsie  a  l'extinction  dynamique. 

Dana  le  diapoaitif  utilisd  a  l'ONERA,  1 'dchantillon  (S  x  5  x  20  an)  eat  place  dana  une  chambre 
d'environ  0,A  1,'  relide  par  1' intermediaire  d'un  col  de  taille  ajuatable  et  d'une  dlectrovanne  a  une 
capacitd  de  grande  dinenaion  (  at  50  1),  videe  au  niveau  ddsird.  Le  fonctionnement  s'cffectue  aoit  a  prea¬ 
aion  conatante  (le  volume  total  de  l'enceinte  etant  suffisant  pour  que  lea  gaz  de  combustion  de  l'dchantil- 
lon  ne  mod  if  it  pas  la  preaaion  affichde),  aoit,  apres  allumage  a  quelquea  bars,  en  prdsence  d'une  chute  de 
preaaion  lit  (aprds  ouverture  de  l'dlectrovanne  et  avec  rdglage  par  la  taille  du  col).  On  peut  alors 
obtenir  la  loi  (t)  a  baaae  pression  et  la  preaaion  limite  de  ddflagration  pUJ)  ,  par  difficult# 

d' allumage  ou  par  dylit  lent  (un  aignal  photodiode,  indiquant  la  luminositd  de  la  combustion,  en  paral- 
181e  avec  le  aignal  du  capteur  de  pression  permet  de  mesurer  la  preaaion  instantande  a  laquelle  se  produit 
l'extinction).  La  figure  19  montre  un  exemple  devolution  de  la  vitesse  de  combustion  a  basse  pression  et 
de  la  limite  d'extinction  atteinte  (ces  resultats  sont  raccordds  a  ceux  obtenus  par  ailleurs  a  haute 
pression,  sur  dchantillons  et  en  propulseurs).  La  figure  20  indique  devolution  de  la  pression  d'extinction 
en  fonction  du  <Ap/<lfc  instantand  (on  voit  que  cette  loi  est  inddpendante  de  la  taille  de  1  'dchanti lion  et 
de  la  taille  du  dispositif  dans  lequel  se  fait  la  ddtente)  ;  on  y  voit  qu'aux  «Ap/<it  les  plus  lents,  on 
se  raccorde  bien  a  la  obtenue  par  difficult#  d'allumage. 


.Mi 


On  sait  qu'en  regime  dynamique  un«  des  relations  les  plus  simples  consiste  a  £crire  la  vitesse 
de  combustion  sous  la  forme  : 


0  3) 


f  &  *&)» 


qui  exprime  que  la  vitesse  s'ecarte  d'autant  plus  de  la  vitesse  stationnaire  Vjg  que  le  temps  carac- 

tdriatique  de  la  depressurisation  («^i'°§f  /Jt  )"*  se  rapproche  du  temps  caractfristique  de  rdponse  du 
propergol,  «=l  fac,o  ( avec  cj  la  diffusivitd  thermique),  ip  etant  un  facteur  constant  de  l'ordre  de  1. 
Far  ailleurs,  on  peut  vouloir  caracteriser  l'extinction  par  depressurisat ion  par  un  critere  de  niveau  cri¬ 
tique  [19] 


(14) 


A.  iku  > 

»  v/  t  lx  ^ 


y<*,0 
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Dans  le  cas  des  experiences  de  la  fig.  20  la  chute  de  pression  est  pratiquement  exponent iel le  et 
d  (-00  fit  «  -  A  constant.  Liquation  (14)  exprimo  al^rs  qu'au  cours  d'une  depressurisation  l'extinction 
se  produira  lorsqu'une  pression  telle  que  i  \Ze,g  sera  atteinte.  En  appliquant  ce  critdre  aux  r£- 

sultats  de  la  fig.  20  (et  en  ajustant  les  parametres  inconnus  en  un  point  &  K  •  -  10  s'1),  cn  obtient 

les  points  report£s  qui  rendent  assez  bien  compte  de  la  tendance  observde. 


Fig.  21  Combustion  a  basse  pression  et  e\  tine  lion. 


La  figure  21  rassemble  quclques  resultats  obtenus.  On  y  compare  des  propergola  a  meme  richcsse 
soit  au  P.B.C.  et  granulometric  100  u  ou  10  u,  soit  au  polyurd thane .  On  voit  que  1' influence  de  la  granulo¬ 
metric  est  tres  marquee  au~del&  de  1  bar,  dans  le  domaine  ou  la  combustion  est  conditionnee  par  des  flammcs 
de  diffusion  [15],  alors  qu’d  basse  pression,  lorsque  la  flaarae  se  rapproche  du  regime  pr£melang£,  elle  ne 
se  fait  preaque  plus  sentir.  Tar  ailleurs,  &  granulometric  et  richesse  donnfies,  l'influence  de  la  nature  du 
liant  est  tr£s  marquee,  n*2  au  PBC  A  T’LP  2  11  et  composition  1  au  polyurfthane  A  -  3  bars.  Cette 

difference  est  li£e  A  des  structures  de  surface  trds  accentu£es. 

La  figure  22  permet  de  voir  que  l'extinction  des  compositions  au  polyurethane  <1  £lev£c  de 

3  Lars  cat  li£e  A  des  structures  de  surface  marquees,  particulcs  de  P.A.  trAs  en  relief  par  rapport  au 
liant,  avec  la  combustion  du  P.A.  (le  P.A.  seul  a,  on  le  sait,  une  3  20  bars)  moins  soutenue  par  la 

contribution  du  flux  de  chaleur  issu  de  la  flamme  principale  O2  du  P.A. /gar  du  liant.  La  ref.  [15]  a 
montre  que  les  lois  de  pyrolyse  comparles  P.A.  et  liant  polyurethane  permettent  d'expliquer  ces  structures 
de  surface  (on  sait  qu'A  haute  pression  la  structure  s'inverse,  particules  de  P.A.  cn  depression  par  rapport 
au  liant  conduisant  3  des  combustions  inefficaces  et  A  l'effet  de  "mesa"  observe  vers  50  bars,  fig.  21). 
Dans  le  cas  des  compositions  P.A.-P.B.C.,  dont  la  -pLJ>  est  A  0, 1  -  0,2  barbies  structures  de  surface  sent 
plus  harmonisecs  (fig.  23)  (un  rescau  de  carbonc,  filaments  brillants  blancs  sur  les  photos,  rccouvrc  la 
surface  proprement  dite)  et  permettent  de  maintenir  une  combustion  efficace  jusqu'A  tr?s  basse  pression. 

C'est  A  partir  de  resultats  du  type  de  ceux  de  la  fig.  21  qi/a  et£  eiabori*  le  tableau  de  la  fig.  24. 
On  y  voit  que  la  granulometric  de  l'oxydant  a  assez  peu  d'influence,  tout  au  moins  pour  les  compositions  au 
P.B.C.,  que  la  nature  du  liant,  P.B.C.  -----  polyurethane,  est  importante  (par  ailleurs,  l'addition  de  quel- 
ques  2  d'additif  aAtallique  dans  les  compositions  P.A.-P.U.  relive  le  niveau  general  de  vitesse  et  abaisae 
la  ).  Dana  le  cas  des  compositions  au  polyurethane  a  p i_j>  elevee,  le  rcmplacement  par  KCIO4  abaisse 

la  probablament  en  liarmonisant  mieux  les  structures  de  surface  oxydant-liant,  voir  [15].  Knfin,  alors 


que  l'addition  de  KCIO4  au  P.A.  modifie  fortement  lea  loia  Vc  C}>)  au-dela  de  10  bare  (exposant  de 
preasion  modifie  de  0,3  3  0,8  [15]),  dana  le  regime  pilote  par  lea  flatuses  de  diffuaion,  A  basae  preaaion 
dans  le  regime  premelangc,  tres  peu  d' influence  eat  dftectee. 


Lea  resultats  presentes  ici  aur  la  combuation  a  basae  preaaion  ne  constituent  pas  un  examen  cou¬ 
plet  des  possibilites  d’augmenter  la  pression  limite  de  combuation  des  propergols  composites.  Ila  apportent 
des  conclusions  complementaires  (et  en  harmonie  avec)  de  celles  presentees  en  [15]  aur  la  combustion  a 
pression  plus  elevee,  a  savoir  l'importance  des  structures  de  surface,  les  domaines  reapectifs  de  regime  de 
flanme  premelangee  ou  de  flammcs  de  diffusion.  Les  refs.  [18  ,  19]  correspondent  a  des  recherches  plus 
systematiques  pour  augmenter  la  •  0,1  y  trouve  de  meme  qu'ici  que  les  liants  oxygenes  de  type  poly¬ 

urethane  sont  favorables  a  une  -pLJ)  1  levee,  et  de  plus  que  1 'augmentation  du  Z  de  liant  perroet  d'accroTtre 


Fig.  22  -  Structure  de  surface  a  /'extinction  spontanee. 

72%  PA  90  p  28%  Polyurethane  Extinction  a  =*  3  bars 


Fig.  23  -  Structure  de  surface  a  /‘extinction. 
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Fig.  24  -  Extinction  des  propergols  composites. 
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5  -  CONCLUSIONS 


On  a  presente  les  rSaultats  d 'etudes  menees  it  l'ONERA  aur  l'allumage,  au  niveau  du  propergol  et 
du  propulseur,  et  1' extinction  des  propergols  solides.  On  s'est  ef force  de  les  intSgrer  dans  ceux  de  la 
littdrature  afin  d'en  tirer  des  conclusions  aussi  generates  que  possible. 

En  ce  qui  concerne  les  caractfristiques  d'allumage  des  propergols  solides^on  a  montr6  qu'une  loi 
unique  ddlai  d' allumage-f lux  de  chaleur  requ  existe,  independamnent  du  mode  d'apport  de  chaleur  (rayonne- 
mont,  convection-conduction,  impact  de  particules  d'alumine),  correspondant  aux  caractfristiques  de  degra¬ 
dation  en  phase  condensSe  du  perchlorate  d'aimonium  (sans  intervention  directe  de  la  nature  du  liant,  de  la 
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presence  de  catalyseurs,  du  niveau  de  press  ion. . .) ■  dans  le  cas  des  propergola  composites  correspondants , 
ec  3  celles  des  ccmposants  nitrocellulose,  nitroglycerine,dans  le  cas  des  propergols  homogenes.  De  la  ma- 
niere  la  plus  simple  cette  loi  d'alluaiage  peut  etre  catact6risee  par  une  temperature  superf icielle  a 
atteindre  pour  que  se  declenchent  activement  les  reactions  conduisant  a  l'allumage,  lcgerement  evolutive 
de  440  a  460  K  pour  les  propergols  homogenes,  de  560  a  690  K  pour  les  composites  (pour  une  gaase  de  flux  de 
chaleur  de  I  a  150  cal./cm^s,  0,04  a  5  KW/m?,  englobant  largement  les  niveaux  obtenus  en  propulseur). 

line  methodologie  pour  l'etude  de  l'inf lammation  des  chargements  de  propulseurs,  basee  sur  l'utili- 
sation  de  fluxmetres  a  temperature  superficielle,  a  £te  developpee.  Le  deiai  d'allumage  est  dAduit  de 
devolution  des  temperatures  superf icielles  mesurees  par  les  fluxmdtres,  1' inf lammation  etant  consideree 
correspondre  a  l'obtention  des  temperatures  critiques  a  la  surface  du  propergol  mentionnees  ci-dessus.  Les 
processus  d'inf lammation  et  de  propagation  de  la  flamme  ont  ete  etudies,  a  l'aide  de  cette  methodologie, 
dans  le  cas  de  propulseurs  munis  de  chargements  de  propergols  composite  et  homogene.  Dans  le  but  d'amAlio- 
rer  cette  methodologie,  en  cherchant  notamment  a  reproduire  les  echanges  thermiques  a  la  surface  du  proper¬ 
gol  et  du  fluxmetre,  il  est  prAvu  d'utiliser  de  nouveaux  elements  caloriof triquea  du  type  r€tine  presentant 
des  caracteristiques  thermocinetiques  proches  de  celles  du  propergol, 

Les  caracteristiques  d'extinction  des  propergols  solides  composites  ont  6t6  etudiees.  On  a  vu  que 
la  pression  limite  de  combustion  d'un  propergol  peut  etre  affectee  pour  certains  parametres  de  la  composi¬ 
tion,  tres  particulierement  la  nature  duliant,  les  Hants  oxygenes  du  type  polyurethane  etant  favorables 
pour  des  pressions  limites  elevees  (quelques  bars  par  opposition  a  at  0,1  bar  pour  un  liant  polybutadiene). 
L’extinction  dynamique,  1 ' augmentation  de  la  pression  a  laquelle  le  propergol  s'iteint  en  fonction  d'une 
depressurisation,  s'explique  bien  en  tenant  compte  de  la  rfponse  instationnaire  du  propergol  aux  evolutions 
de  pression. 
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SUMMARY 

Dynamic  burning  effects  associated  with  ignition  and  extinction  of  solid  rocket  propel¬ 
lants  are  examined  within  the  framework  of  a  thermal  theory  of  heterogeneous  combustion 
and  for  quasi-steady  gas  phase.  A  nonlinear  burning  stability  analysis  was  carried  out 
via  an  integral  method.  This  predicts  that,  for  a  given  set  of  operating  conditions,  a 
well  defined  critical  surface  temperature  exists  below  which  extinction  of  a  burning  pro¬ 
pellant  necessarily  follows  independent ly  on  its  past  history.  These  critical  surface  tem¬ 
perature  values  define  a  lower  dynamic  stability  boundary  strictly  depending  on  the  pro¬ 
pellant  nature,  but  affected  by  the  operating  conditions.  The  analysis  is  based  on  an 
asymptotic  stability  criterion  always  valid  for  static  (random  disturbances)  stability 
problems,  but  restricted  to  forcing  functions  levelling  off  in  time  for  dynamic  (external 
disturbances)  stability.  Under  these  circumstances,  the  lower  dynamic  stability  boundary 
is  independent  on  the  nature  of  the  transient  (pressure  or  radiation  driven), the  shape  in 
time  of  the  forcing  function  (linear,  exponential,  parabolic,  etc.)  and  the  rate  of  change 
of  the  forcing  function  (even  variable) .  The  relevance  of  the  lower  dynamic  stability 
boundary  to  ignition  transients  is  discussed.  While  no  experimental  verification  of  the 
theory  is  yet  available,  computer  simulated  runs  show  a  very  good  agreement  with  the  ana¬ 
lytical  predictions. 


LIST  OF  SYMBOLS 


a 

am 

B  M 

Sr 

E  _ 
f(6i  s 

F.  1 

g  u,e 
H 
i 
i 
n 


-0s> 


i ,  s 


-e  ) 


=  volume  absorption  coefficient,  cm 
=  constant  used  in  MTS  flame  model 
=  constant  used  in  MTS  flame  model 

=  nondimensional  depressurization  rate  coefficient 
=  nondimensional  deradiation  rate  coefficient 
=  activation  energy,  cal/gmole 
=  static  restoring  function  (see  Eq.  3.13) 

=  nondimensional  radiant  flux  intensity  impinging  at  the  propellant  surface 
=  nonautonomous  function 
=  nondimensional  surface  heat  release 
=  radiant  flux  intensity,  cal/cm2-s 

=  radiant  flux  intensity  impinging  at  the  propellant  surface,  cal/cm2-s 
=  exponent  in  ballistic  burning  rate  law;  also:  order  of  the  approximating 
polynomial  (see  Eq.  3.4) 

=  pressure,  atm 
=  nondimensional  pressure 
=  conductive  energy  flux,  cal/cm2-g 
=  nondimensional  heat  feedback  from  the  gas  phase 
=  nondimensional  flame  heat  release 
=  flame  heat  release,  cal/g 
=  surface  heat  release,  cal/g 
=  surface  reflectivity 
=  universal  gas  constant,  cal/gmole-K 
=  burning  rate,  cm/s 
=  nondimensional  burning  rate 
=  time,  s 
=  temperature,  K 
=  nondimensional  temperature 

=  nondimensional  finite  size  disturbance  of  temperature 
=  nondimensional  finite  size  disturbance  of  thermal  gradient 
=  exponent  in  KTSS  surface  pyrolysis  law 
=  space  variable,  cm 
=  nondimensional  space  variable 


Greek  Symbols 

A  =  finite  difference  of  a  quantity  evaluated  between  X=0  and  X=-E 

8  =  nondimensional  temperature 

\  =  thermal  conductivity,  cal/cm-s-K 

E  =  nondimensional  thickness  of  disturbance  thermal  layer 

t  =  nondimensional  time 


Subscripts  and  Superscripts 

a  “  ambient 

c  =  condensed  phase 

f  »  final  or  flame 

g  -  gas 

i  «  initial 

m  ■  minimum  value  for  chemical  reactions  to  occur  (see  Eq.  3.2) 

s  *  surface 
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ref  =  reference 

—  =  steady  state  or  average  value  of  a  parameter 

" 00  -  conditions  far  upstream 


Abbreviations 

AFSC 

AIAA 

AMS 

AP 

ARS 

CF 

CPIA 

CST 

DB 

FGV 

FTD-MT 

JETP 

JSR 

KTSS 

MTS 

NASA 

ODE 

ONERA 

PBAA 

PDE 

PMTF 


Air  Force  System  Command 

American  Institute  of  Aeronautics  and  Astronautics 
Aerospace  and  Mechanical  Sciences  Department 
ammonium  perchlorate 
American  Rocket  Society 
Combustion  and  Flame 

Chemical  Propulsion  Information  Agency 
Combustion  Science  and  Technology 
Double  Base 

Combustion,  Explosion  and  Shock  Waves 
Foreign  Technology  Division  -  Machine  Translation 
Journal  of  Experimental  and  Theoretical  Physics 
Journal  of  Spacecraft  and  Rockets 
Krier-T ' ien-Sirignano-Summerf ield 
Merkle-Turk-Summer field 

National  Aeronautics  and  Space  Administration 
ordinary  differential  equation 

Office  National  d' Etudes  et  de  Recherches  A£rospatiales 
polybutadiene-acrylic  acid 
partial  differential  equation 

Journal  of  Applied  Mechanics  and  Technical  Physics 


Sec.  1  -  INTRODUCTION 

The  purpose  of  this  paper  is  to  elucidate  the  dynamic  burning  effects  associated  with 
and  ignition  of  solid  rocket  propellants.  An  explanation  of  dynamic  extinction 

sientsUn?«rr,ffbr0ad  V?Kletyu0ffC0nditi0nS'  f°r  Pressure  as  well  as  radiation  driven  tran- 
taerica  f  framework  of  a  thermal  model  of  heterogeneous  combustion, 

omoe  la  f  h  giVCn  f°r  an  a1™011111"1  Perchlorate  (AP)-based  composite  solid 

propellant,  but  the  basic  concepts  emerging  from  this  investiaation  are  expected  to  hold 
true  for  any  condensed  substance  subjected  to  deflagration  waves. 

nn«I^!S  iS  !??sed  on  a  comprehensive  combustion  stability  analysis  (Refs.  1-2)  devel- 

Pe,  1?.fulfJ  nonlinear  conditions  by  means  of  an  integral  method.  The  method  consists  of 
5nrpUatlrf9  the  minimum  burning  rate  (lower  dynamic  stability  point),  in  function  of  pres- 
sure,  under  which  extinction  of  the  burning  solid  propellant  necessarily  occurs  indepen¬ 
dently  on  its  past  history.  This  limiting  burning  rate  is  a  property  strictly  dependent 
nhLn\tUre  the  reacting  substance;  but  it  is  affected  by  the  operating  conditions 
fhown  that^he^ef"*  ^  temperature ,  and  heat  exchange  with  the  environment.  It  is 
simulation  with  o?  a  Predicblons  of  dynamic  extinction  are  well  verified  by  digital 

simulation  both  of  depressurization  and  deradiation  tests.  Likewise,  during  an  ignition 

iiev,dTnainiu  barnln<3  following  the  external  energy  source  cut-off  is  not  al- 

ifOW  th!  l0Wer  dynamiC  stability  point  if  ignition  has  to  succeed??^ 
point  will  be  discussed  in  a  more  detailed  way  in  Sec.  4. 

This  paper  goes  beyond  previous  works  of  the  authors  (Refs.  3-4)  in  that:  (1)  a  genera¬ 
lized  polynomial  is  used  in  order  to  implement  the  integral  method,  (2)  ignition^tran- 
aiS?  ®re  considered,  (3)  results  from  MTS  and  KTSS  flame  models  arl  given,  and 
(4)  optical  transparency  of  the  condensed  phase  is  examined.  First,  a  literature  survev 
dfo°^ferad /c"  Se?i  2‘  Then'  an  integral  method  with  a  generalized  polynomial  order  is 
result«6fc  Sh°'  3i‘  Comparison  between  analytical  predictions  and  computer  simulated 
the  paper  h  "  ‘  4‘  Conclusions  and  Plans  f°r  future  work  (Sec.  5)  will  complete 


Sec.  2  -  A  LITERATURE  SURVEY 

Although  dynamic  extinction  might  occur  under  a  variety  of  conditions,  due  to  the 
pioneering  work  of  Ciepluch  (Refs.  5-6)  in  1961,  only  dynamic  extinc^Snbydepressuriza- 
tion  appeers  largeiy  debated  in  the  competent  literature.  For  a  critical  review  of  papers 
th!l  7).  Contributions  off.rbd  after 

quasi_steady  gas  phase  assumption,  the  strong  limitations  due  to  the  use 
linearized  theories,  and  the  empirical  nature  of  several  of  the  proposed  extinction 
criteria  are  the  most  serious  drawbacks  in  this  area. 

tW°  ex?ellent  contributions  should  explicitely  be  mentioned.  Merkle  (Ref  7) 
flime  mi®ta*es  commonly  found  in  the  literature,  furnished  a  new  unsteady 

n^1f3nd  fe=oqnized  bhat  dynamic  extinction  depends  on  the  entire  P(t)  curve-  but 
he  did  not  formulate  an  extinction  criterion.  A  paper  by  T'ien  (Ref  18)  in  1974  is  the 
only  one  aimed  directly  at  establishing  an  extinction  criter!on  for  fast’deprlslu^ization 
ien  argues  that  heat  losses  are  the  mechanism  for  both  static  and  dynamic  extinction  of" 

5i£.Praila?8:i,9fhS.I1tor1S  n0t  fUliY  Slred  in  thlS  instan--  How™er,^“en  con-°f 
ratedrons  hoii!  thi  ,  5  £?  dePrf^ ssurization  transients,  if  the  instantaneous  burning 

rate  drops  below  the  unstable  burnlg  rate  solution  at  the  final  pressure,  extinction  will 
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occur. A  somewhat  similar  result  has  been  found  in  this  investigation  (Refs.  1-4),  but  by 
a  completely  different  approach. 

The  line  of  research  evolved  within  the  framework  of  Zeldovich  method  (Refs.  21-22)  is 
of  limited  value.  Istratov  et  al.  (Ref.  23),  in  1964,  used  an  integral  method  in  order  to 
determine  an  approximate  solution  to  the  unsteady  nonlinear  energy  equation  in  the  con¬ 
densed  phase  of  a  propellant  burning,  with  constat  surface  temperature.  Extinction  was 
assumed  to  occur  when  the  surface  thermal  gradient  on  the  condensed  side  exceeds  a  criti¬ 
cal  value  corresponding  to  the  static  stability  line.  This  is  mistaken,  since  nothing  can 
be  said  a  priori  about  dynamic  burning  in  a  range  of  burning  rate  that  is  statically  un¬ 
stable.  Novozhilov  (Ref.  24),  in  1967,  improved  the  previous  model  by  considering  a  va¬ 
riable  surface  temperature  and  recognizing  that  dynamic  burning  is  allowed  also  in  the 
range  of  parameters  where  statically  stable  solutions  are  not  found.  Extinction  was  then 
assumed  to  occur  when  the  burning  rate  at  the  final  pressure  drops  below  a  limiting  value 
experimentally  established  in  nonstationary  burning  conditions.  This  "ad  hoc"  criterion 
relies  on  very  delicate  experimental  results. 

The  question  of  a  possible  early  warning  of  extinction  during  a  depressurization  tran¬ 
sient  evaluated  via  the  Zeldovich  method  was  examined  in  a  paper  by  the  Princeton  group 
(Ref.  25)  in  1971.  The  possibility  was  checked  that  the  crossing  of  the  static  stability 
boundary  is  sufficient  to  subsequently  produce  dynamic  extinction.  In  our  opinion  the 
static  stability  boundary  has  only  secondary  relevance  in  a  dynamic  situation.  Indeed, 
according  to  the  same  Princeton  reference,  "the  dynamic  conditions  of  extinguishment  tend 
to  shift  the  stability  line"  (p.  257  of  Ref.  25).  Further  extensive  work  in  this  area 
(Ref.  26)  failed  to  reach  more  significant  conclusions.  Finally  Novozhilov  (p.  216  of 
Ref.  27),  in  1973,  observed  that  this  "question  requires  certain  information  about  the 
properties  of  the  system  outside  the  area  of  smooth  burning.  Such  information  cannot  be 
obtained  from  experiments  on  steady  state  combustion.  For  the  calculation  of  unsteady  con¬ 
ditions  in  the  unstable  region  it  is  necessary  to  draw  on  certain  schemes  of  combustion, 
which  make  it  possible  to  predict  the  properties  of  propellants  beyond  the  (static)  stabi¬ 
lity  limit".  Further  work  by  Soviet  investigators  (Refs.  28-34)  offered  fresh  experimental 
information  and  theoretical  considerations,  but  failed  to  define  a  physically  sound  ex¬ 
tinction  criterion. 

Studies  on  dynamic  extinction  by  deradiation  and  dynamic  extinction  associated  with  ig¬ 
nition  overlap.  A  comprehensive  literature  survey  was  recently  offered  (Ref.  2).  Experi¬ 
mental  and  theoretical  studies  were  mainly  conducted  at  Princeton  (Refs.  2,  35-36)  and  in 
USSR  (Refs.  37-40).  An  extinction  criterion  for  opaque  solid  propellant  subjected  to  fast 
deradiation  was  suggested  by  De  Luca  (Ref.  1),  in  1975,  within  the  framework  of  a  general 
nonlinear  combustion  stability  analysis.  The  Soviet  work  suffers  the  same  deficiences  men¬ 
tioned  above . 

In  this  work,  quantitative  criteria  for  dynamic  stability  of  burning  propellants  are 
defined  by  means  of  flame  models.  The  integral  method  of  Goodman  (Ref.  41)  is  implemented 
in  order  to  apply  known  mathematical  methods  to  the  resulting  approximate  ODE  formulation 
of  the  problem.  The  same  method  has  already  been  applied  (Ref.  42)  to  droplet  burning; 
somewhat  simpler  use  has  been  made  at  Princeton  (Refs.  43-44)  on  solid  propellant  rocket 
engines.  The  concept  of  using  the  simpler  ODE  formulation  of  the  problem,  instead  of  the 
PDE  one,  is  relatively  common  in  Soviet  literature.  However,  the  method  of  transformation 
is  rather  different;  an  interesting  review  of  the  mathematical  problem  was  made  by  Gosti- 
ntsev  (Ref .  45) . 

The  alternative  approach  based  on  asymptotic  methods,  mainly  developed  by  Williams  (a 
good  summary  is  given  in  Ref.  46) ,  has  proven  very  successful  in  predicting  ignition 
times  for  thermal  runaway  under  different  operating  conditions.  However,  neither  go/no-go 
nor  deradiative  extinction  are  considered  in  this  otherwise  excellent  line  of  research. 
Therefore,  this  paper  and  Ref.  46  nicely  complement  each  other. 

Sec.  3  -  THE  LOWER  DYNAMIC  STABILITY  BOUNDARY 

Consider  the  physical  system  of  Fig.  1  representing  a  strand  of  solid  propellant  sub¬ 
jected  to  a  radiant  flux  impinging  with  instantaneous  intensity  (1-r).I0(t)  at  its  sur¬ 
face,  burning  with  instantaneous  rate  R(t)  in  a  closed  vessel  at  instantaneous  pressure 
P  (t)  and  fixed  ambient  temperature  T  .  The  following  assumptions  are  made: 

a)  Entire  Strand 

1.  Monodimensional. 

2.  Constant  thermal,  physical,  and  chemical  properties. 

3.  Condensed  and  gas  phases  have  identical  specific  heats. 

4.  At  cold  boundary,  in  thermal  equilibrium  with  ambient. 

5.  Subjected  to  no  external  forces  (e.g.,  acceleration) . 

6.  No  emission  of  radiation. 

b)  Condensed  Phase 

1.  Semi-infinite  slab. 

2.  Uniform  and  isotropic  composition. 

3.  Adiabatic,  except  at  the  burning  surface. 

4.  No  chemical  activity. 

5.  No  radiation  scattering. 

6.  No  photochemical  effects. 

c)  Interface  Condensed/Gas 

1.  Infinitesimally  thin  plane  surface. 

2.  One-step,  irreversible  gasification  processes  described  by  Arrhenius  or  KTSS 
(see  Eqs.  3.2)  pyrolysis. 
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d)  Gas  Phase 

1.  Semi-infinite  columm  of  gas.  — 

2.  Mixture  of  thermally  perfect  gases  of  average  molecular  weight  TM. 

3.  One-phase,  laminar,  nonviscous,  and  strongly  subsonic  flow. 

4.  Adiabatic,  except  at  the  burning  surface. 

5.  No  interaction  with  (external)  radiation. 

6.  Quasi-steady,  thermal  flame  models. 

Under  this  set  of  assumptions,  the  evolution  of  burning  rate  in  time  of  an  opaque  propel¬ 
lant  Js  described  by  the  following  nondimensional  equations  (see  Tables  1-2): 


30  <ft30 

3t  3X 


3Je 

3X5 


X  6  0,x  s  0 


(3.1)  / 


e(x,x  =  0)  =  (x) 

e(x  -*■  -  °°, x)  —  e. 


(H)  -  i?  (S).  -  ^  •  H  t  (1  -  r)F. 


'  c,  s  c 
-  E 


(3.2a)  ft  =  e 
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(3.2b) 


ft  =  (0  -  0  )w 

s  m 


Arrhenius  pyrolysis 
KTSS  pyrolysis 


where  0  (X,t)  is  the  unknown  thermal  profile  in  the  condensed  phase.  The  function 

=  <VV  (36/3X)g,s 

describes  the  nondimensional  heat  feedback  from  the  gas  phase  to  the  burning  surface. 
This  function  must  be  assigned  by  means  of  an  appropriate  unsteady  flame  model. 

No  general  method  exists  for  studying  the  stability  properties  of  the  strongly  nonli¬ 
near  PDE  describing  the  condensed  phase  thermal  profile  (Eq.  3.1)  subjected  to  finite 
disturbances.  Since  rigorous  methods  of  investigation  have  been  estaUished  for  the  case 
of  ODE,  the  stability  analysis  requires  re-formulating  the  problem  of  Eqs.  3.1  -  3.2  in 
terms  of  an  ODE.  For  this  purpose,  a  new  nondimensional  variable  is  defined 


(3.3)  u  (X , t)  =  O^X)  -  0 (X , t ) 

describing  the  finite  temperature  disturbance  propagating_inside  the  condensed  phase  and 
superimposed  on  the  initial  known  steady  thermal  profile  O.(X)  after  the  action  of  some 
perturbation.  It  is  assumed  that  the  disturbance  temperature  has  a  finite  penetration 
depth  E(t)  and  within  this  layer  its  dependence  on  the  space  variable  may  be  approximat¬ 
ed  by  a  polynomial  (Ref.  4 1 ) i 

(3.4)  u (X , T )  =  Kq(t)  +  Ki(r)-X  +  K2(t)*X2  +  K3(t)-X3  ...  Kn<T)  -Xn 

This  implies  that  the  time  history  of  the  disturbance  temperature  is  restricted  to  pro¬ 
files  monotonically  decayir*?  in  space.  The  above  n+1  coefficients  Ki(r)  are  determined 
from  n+1  boundary  conditions  (on  the  finite  penetration  depth)  expressing  the  energy  ba¬ 
lance  at  the  hot  boundary  of  the  penetration  depth  and  that  no  disturbance,  up  to  the 
n-1  derivative,  is  felt  at  the  cold  end  of  the  penetration  depth.  Under  these  circum¬ 
stances,  the  following  disturbance  temperature  profile  is  obtained: 


(3.5)  u  (X ,  T )  =  ug  (1  ,  X  ln  0«|x|s£(t) 

E(t) 

where  us(t)  is  the  unknown  disturbance  surface  temperature.  The  history  of  the  penetra¬ 
tion  depth  is  described  by 


(3.6) 


E  (x) 


where  (u,,) 


(Ux)c,S 

is  the  surface  thermal  gradient  disturbance,  at  the  condensed  phase  side, 


defined  by 

(3.7)  (ux>c,s  a  (|H)c  s  =  (|u)g  g  -  H  ft-*)  "  »-*>  «\>,i-po> 


The  space  dependence  of  the  PDE  of  Eq.  3.1  can  now  be  eliminated  by  integration  from 
X-0  to|x^=E(t)  and  taking  into  account  the  approximate  disturbance  temperature  profile  of 
Eq.  3.5.  First  the  PDE  has  to  be  re-written  in  terms  of  the  new  nondimens ional  variable 
u(X,t)  defined  by  Eq.  3.3.  After  some  manipulation,  the  integration  gives  the  following 
differential  expression 


dt  (u  ) 

x  c, s 


flu  -  (u  r 

S  X  C,  ! 


(3.10) 
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are  known  quantities.  The  time  derivative  of  the  surface  thermal  gradient  disturbance,  at 
the  condensed  phase  side,  may  be  written  as 

,,  ...  d(u  )  du  \  1 3(u  )_  ) 

<3.11)  _ x  c,s  , _ s  x  q,s 


j  d?  3lux> 

AC  dt 


-  ( 1  — r ) 


which  can  be  evaluated  once  a  flame  model  has  been  chosen  and  the  external  laws  j  (t)  and 
Fo (t)  have  been  assigned. 

Lpon  substituting  the  above  relationship  into  Eq.  3.8,  the  following  approximate  ODE  formula¬ 
tion  of  the  problem  is  obtained: 


(3.12) 
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The  above  nonlinear  ODE  describes  the  instantaneous  response  of  the  system  to  a  finite 
size  departure  of  the  surface  temperature  from  the  initial  stationary  value  due  not  only 
to  Intrinsic  perturbation  sources  acting  on  the  system  (  static  stability) ,  but  also  to 
any  arbitrary  but  externally  assigned  monotonical  change  in  time  of  controlling  parame¬ 
ters  such  as  pressure  and  radiant  flux  (dynamic  stability). 

A  system  is  defined  asymptotically  stable  if 

e(x,x-*«>)  «  e(x) 

where  ©(X)is  the  initial  steady  thermal  profile  (static  stability)  or  the  final  wanted 
steady  thermal  profile  associated  with  a  given  transition  of  the  external  parameters  (dy¬ 
namic  stability) .  Whenever  no  time  derivative  of  the  forcing  function  is  acting  on  the 
system,  i.e.T-  const  and  F0=const,  the  PDE  problem  of  Eq.  3.1  may  be  re-formulated  as 


(3.13) 


f  (6i,s  -  V 


where  the  nonlinear  algebraic  function  f(u  )sf(f».  -  O  ) ,  called  the  static  restoring 

function,  is  given  by  the  first  term  on  the  right ' shandslde  of  Eq.  3.12.  The  zeroes  of 
the  static  restoring  function  are,  in  principle,  equilibrium  points  of  Eq.  3.13.  There¬ 
fore,  studying  the  asymptotic  stability  of  the  original  PDE  problem  (Eq.  3.1)  is  reduced 
to  analyzing  the  nature  of  the  zeroes  of  an  algebraic  function.  This  simplified  point  of 
view  is  always  valid  in  the  case  of  static  stability,  while  in  the  case  of  dynamic  stabi¬ 
lity  it  helps  only  if  the  forcing  functions  level  off. 

In  order  to  evaluate  the  static  restoring  function,  a  flame  model  and  a  specific  polyno- 
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mial  order  have  to  be  chosen.  While  a  certain  variety  of  unsteady  flame  models  is  availa¬ 
ble  (an  excellent  review  was  recently  offered  by  Kuo  in  Ref.  47) ,  their  use  still  Is  a 
matter  of  personal  belief.  In  this  research  MTS  and  KTSS  (both  linearized  and  nonlineariz- 
ed  versions)  flame  models  are  implemented  }  others  will  be  considered  in  the  near  future. 
For  example, according  to  MTS  model  the  nondimensional  heat  feedback  is 


(3.14) 

where 

(3.15) 
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is  a  nondimensional  kinetic  time  parameter; 

FfW’ 


,xki  =  B- 


(3.16) 

is  a  nondimensional  diffusion  time  parameter; 


(3-,7)  + 

is  a  nondimensional  reaction  time  parameter.  For  details, consult  Ref.  4. 

As  to  the  order  of  the  approximating  polynomial,  a  cubic  law  was  chosen  to  represent  the 
space  distribution  of  the  disturbance  thermal  profile.  This  choice  was  suggested  by  a 
large  body  of  literature  on  heat  transfer  problems  (e.g.,  Ref.  41)  and  by  similar  solid 
propellant  rocket  problems  (Refs.  43-44).  However,  there  is  no  a  priori  guarantee  that 
this  is  the  best  choice.  The  choice  has  to  be  verified  (for  example,  consult  Ref.  4). 

A  sketch  of  f  (8^  -  0g)  is  shown  in  Fig.  2. 

Sec.  4  -  RESULTS  FROM  COMPUTER  SIMULATED  TESTS 

For  a  standard  set  of  parameters  (Ta  =  300  K,QS  =  -  158.2  cal/g,  adiabatic  propellant), 
the  values  of  surface  temperature  for  which  the  restoring  function  is  zero  in  function  of 
pressure  are  summarized  in  Tab.  3.  Three  equilibrium  points  are  found:  two  are  stable 
and  correspond  to  steady  reacting  (root  A)  and  unreacting  (root  C)  configurations,  the 
last  one  (root  B)  is  unstable.  The  6-root,  at  the  final  operating  pressure,  represents 
that  ultimate  surface  temperature  beyond  which  a  burning  solid  propellant  necessarily 
extinguishes.  For  increasing  pressure,  the  surface  temperature  associated  with  the 
B-root  increases  slightly.  In  the  diagram  of  Fig.  3,  burning  rate  is  plotted  vs  pressure; 
the  locus  of  B-roots  defines  the  lower  dynamic  stability  boundary.  This  separates  the  en¬ 
tire  plane  in  two  regions:  dynamically  stable  above  the  boundary  and  dynamically  unsta¬ 
ble  under.  All  transients,  except  ignition,  are  represented  by  trajectories  starting  in 
the  dynamically  stable  region  (at  the  given  initial  pressure  and  radiant  flux  correspond¬ 
ing  to  root  A).  If  the  process  is  dynamically  stable,  the  trajectory  never  falls  below 
the  lower  dynamic  stability  boundary.  If  the  trajectory  reaches  even  momentarily  the 
lower  dynamic  boundary,  necessarily  dynamic  extinction  follows  and  the  trajectory  ends 
at  the  trivial  zero  burning  rate  solution  (corresponding  to  root  C) .  This  Is  indlpendent 
on  the  past  history  of  the  propellant  at  the  instant  of  the  boundary  crossing. 

Dynamic  extinction  can  be  interpreted  as  a  consequence  of  an  unstable  enerqy  coupling 
of  the  condensed  phase  to  the  gas  phase  at  the  burning  surface.  For  burning  rates  below 
the  lower  dynamic  stability  boundary,  the  energy  absorbed  in  the  condensed  phase  always 
overcomes  the  sum  of  energy  releases  in  gas  phase  and  at  the  burning  surface.  This  im¬ 
plies  that  the  burning  rate  decreases  more  and  more,  until  extinction  finally  occurs. 

Ignition  transients  start  in  the  dynamically  unstable  region  (root  C)  and  have  to  rise 
roughly  above  the  lower  dynamic  stability  boundary  for  the  deflagration  wave  to  be  self- 
sustained  (minimum  energy  input  for  ignition  as  a  static  requirement).  Following  then  the 
external  source  cut-off, if  in  the  meanwhile  a  steady  burning  configuration  has  been 
reached,  the  trajectory  is  not  allowed  to  fall  below  the  same  lower  dynamic  stability 
boundary  in  order  to  be  dynamically  stable  (maximum  energy  input  for  ignition  or  maximum 
cut-off  rate  as  dynamic  requirements. 

The  above  predictions  are  made  on  a  purely  analytical  basis.  Go/no-go  computer  simulat¬ 
ed  tests  have  been  run  in  order  to  check  the  theory.  These  tests  were  performed  by  inte¬ 
grating  the  full  set  of  governing  equations  based  on  the  PDE  of  Eq.  3.1.  Purpose  of  the 
runs  is  to  show  that  for  a  composite  solid  propellant  a  lower  dynamic  stability  boundary 
may  be  constructed  independently  on  the  nature  of  the  transient  (pressure  or  radiation 
driven),  the  time  shape  of  the  forcing  function  (linear,  parabolic,  exponential,  etc.), 
and  its  rate  of  change.  The  numerical  values  obtained  in  this  way  are  summarized  in 
Tab.  4  and  compare  very  well  with  those  expected  by  analyzing  the  nonlinear  algebraic 
static  restoring  function  associated  with  the  approximate  ODE  of  Eq.  3.12. 

In  particular,  notice  that  the  predictions  are  well  respected  even  for  deradiation  runs 
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with  optically  transparent  condensed  phase  (Fig.  4).  The  reason  for  this  is  that,  after 
the  decrease  of  the  radiant  flux  intensity  down  to  zero,  the  optical  transparency  of  the 
condensed  phase  Is  no  longer  relevant.  This  dynamic  extinction  test  was  obtained,  by  de- 
radiatlon,  implementing  the  MTS  flame  model.  Obviously,  in  no  way  dynamic  extinction 
could  be  obtained,  either  by  deradiation  or  depressurization,  implementing  the  KTSS  li¬ 
nearized  flame  model. 

Several  go/no-go  ignition  transients  were  also  performed.  A  significative  example  obtained 
with  the  MTS  flame  model  is  shown  in  Fig.  5. The  two  runs  plotted  in  this  figure  are  iden¬ 
tical,  except  a  negligibly  faster  cut-off  of  the  external  radiant  source  for  the  extingui¬ 
shed  case.  The  minor  dynamic  effects  associated  with  the  cut-off  of  the  external  radiant 
source  are  not  enough,  for  the  ignited  case,  to  lead  the  instantaneous  surface  temperatu¬ 
re  (or  burning  rate)  below  the  corresponding  critical  value.  Under  the  specific  operating 
conditions  of  Fig.  5,  the  lower  dynamic  limit  is  seen  to  constitute  a  rather  accurate  boun¬ 
dary  both  for  the  static  (minimum  energy)  and  dynamic  (smooth  energy  source  cut-off)  igni¬ 
tion  requirements .  This,  however,  cannot  be  generalized.  Indeed  the  lower  dynamic  limit  was 
evaluated  for  an  initially  steadily  burning  propellant.  The  exact  connection,  if  any,  bet¬ 
ween  ignition  and  lower  dynamic  limit  has  yet  to  be  investigated.  On  the  other  hand,  in 
the  case  of  dynamic  extinction  of  steadily  overdriven  burning  rates  associated  with  igni¬ 
tion  transients,  the  lower  dynamic  limit  is  expected  to  be  fully  valid. 

Sec.  5  -  CONCLUSIONS  AND  SUGGESTIONS 

It  is  felt  that  conclusive  evidence  has  been  offered  for:(1)  the  existence  of  a  mini¬ 
mum  value  of  burning  rate  below  which  extinction  of  burning  propellants  necessarily  fol¬ 
lows  and  ignition  transients  are  dynamically  unstable; (2)  the  capability  of  the  proposed 
theory  to  predict  this  critical  value;  and  (3)  the  validity  of  the  approach  both  for  MTS 
and  KTSS  (linearized  and  nonlinear ized)  flame  models.  Although  figures  are  given  only  for 
a  composite  solid  propellant,  the  above  facts  are  expected  to  hold  true  for  any  condensed, 
chemically  reacting  substance. 

Remark  that  the  predictive  power  of  the  proposed  theory  is  well  verified  f  depressuriza¬ 
tion  and  deradiation  computer  simulated  tests.  While  dynamic  extinction  due  to  l  st  depres¬ 
surization  or  deradiation  (including  ignition  transients)  is  well  confirmed  ex pet im  ntal ly , 
so  far  no  attempt  has  been  made  to  compare  the  theory  proposed  in  thi  paper  dit  ctly  with 
experimental  results.  However,  work  in  this  direction  is  currently  in  piocness.  Remark  al¬ 
so  that  the  ignition  transients  were  computed  by  assuming  a  quasi-steady  phase  history 
from  the  very  beginning  of  the  propellant  warming  up.  Obviously,  although  common,  this  is 
not  a  rigorous  procedure.  However,  an  accurate  description  of  the  incipient  l!am<  should 
not  be  of  particular  importance  for  the  overall  propellant  ignition  transient. 

As  to  the  theoretical  approach,  the  delicate  assumption  of  a  polynomial  space  dependence 
of  the  disturbance  thermal  profile  has  to  be  further  investigated.  Likewise,  other  unstea¬ 
dy  flame  models  shall  be  tested  and  compared.  In  particular,  more  appropriate  modelling 
is  required  in  the  low  burning  rate  region.  At  any  rate,  the  most  significant  result  is 
felt  to  be  the  validity  of  the  nonlinear  burning  stability  analysis  through  the  use  of  the 
static  restoring  function.  In  perspective,  this  suggests  that  other  intriguing  aspects  of 
unsteady  burning  of  solid  propellants  may  be  clarified  (for  example,  see  Refs. 4  and  48). 
Yet,  the  lack  of  experimental  verification  still  requires  a  word  of  caution  against  the 
full  validity  of  the  proposed  model. 

It  is  stressed  that  the  use  of  a  flame  model  is  essential  in  the  theoretical  developments 
presented  in  Sec.  3.  Notice  that  no  attempt  is  being  made  to  propose  new  flame  models; ra¬ 
ther  a  method  is  offered  to  judge  how  good  any  unsteady  flame  model  is.  Likewise,  no  at¬ 
tempt  is  being  made  to  model  the  steady  flame  structure  of  solid  propellants;  this  is  sup¬ 
posed  to  be  assigned  in  terms  of  burning  rate  and  flame  temperature  vs  pressure.  It  is  al¬ 
so  stressed  that,  although  heat  loss  from  the  system  is  an  important  aspect  of  the  problem 
as  rightly  pointed  out  by  T’ien  (Ref. 18),  the  basic  reason  for  dynamic  extinction  is  the 
thermal  inertia  of  the  condensed  phase  which  is  a  most  important  heat  sink.  However,  in 
qualitative  agreement  with  this  work,  T’ien  found  that  the  critical  condition  for  dynamic 
extinction  by  depressurization  is  fixed  by  the  (statically)  unstable  root  at  the  final 
pressure.  It  is  finally  stressed  that  any  interaction  combustion/fluid-dynamics  (for  ex¬ 
ample,  in  a  rocket  combustion  chamber)  is  out  of  the  scope  of  this  investigation. 

In  conclusion,  a  nonlinear  algebuic  function  can  be  defined  that  contains  all  basic  pro¬ 
perties  of  equilibrium  and  asymptotic  (both  static  and  dynamic)  stability  of  burning  solid 
propellants,  even  for  finite  size  disturbances,  provided  that  the  external  forcing  terms 
level  off  in  time.  This  function,  called  static  restoring  function,  strictly  depends  on 
the  nature  of  the  propellant  (including  its  flame)  but  is  affected  by  the  operating  condi¬ 
tions  (pressure,  ambient  temperature  and  heat  exchange  with  surroundings) .  In  particular, 
the  statically  unstable  burning  rate  associated  with  the  restoring  function  defines  a  cri¬ 
tical  border  for  decelerating  (extinction)  as  well  as  accelerating  (steadily  overdriven 
ignition)  deflagration  waves. 
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TABLE  1 

Definition  of  nondimensional  variables 


V  “  p/pref  pressure 

^  “  R/,Rref  burning  rate 

X  «  x^xref  distance 

x  =  t/tref  time 

H  =  Qs/Qref  surface  heat  release 

Q  =  Qf/Qref  gas  heat  release 

Fq  =  ^  /I  ^  external  radiant  flux  intensity 

•  • 

=  ^Iref  conductive  heat  flux 

T  ”  T(  )^T(  ) , ref  temperature,  e.g.Tf=  Tf/Tf  f 

T  .T  T  —  T 

e,  .=  (  )  ref  temperature,  e.g.  6  =  s  ref 

*s,ref  Jref  s,ref  ref 


TABLE  2 

Properties  of  solid  composite  propellant  AP/PBAA 
No.  941  used  as  datum  case  in  this  study 


ASSUMED  OR  MEASURED  PROPERTIES 

Crystalline  transition  heat,  Q 
AP  vaporization  heat,  Q  cr 

AP  decomposition  heat,  QA,pA 
Binder  vaporization  heat,  Q 
AP  content,  p  ' 

Ballistic  exponent,  n 

KTSS  pyrolysis  law  power,  w 

Surface  activation  energy,  E 

Flame  activation  energy,  Ef 

Condensed  phase  density, p 

Condensed  phase  specific  heat,  Cc 

Condensed  phase  thermal  diffusivity,  ac 

Gas  phase  specific  heat,  Cg 

Gas  phase  thermal  conductivity,  Ag  _ 

Average  products  molecular  weight,  1T1 

Reflectivity  of  propellant  surface,  r 

Optical  scattering  coefficient,  s 

Minimum  surface  temp,  for  reactions,  Tm 

Matching  surface  temp,  for  pyrolysis,  Tk 

EVALUATED  PROPERTIES 

Cond.  phase  thermal  conductivity,  \c 
Refer,  frequency  factor,  As  ref 
Surface  gasification  heat,  6S 
Chemical  time  constant,  AM 
Diffusion  time  constant,  BM 
Adiabatic  flame  temperature,  Tf(P) 

REFERENCE  PROPERTIES 


+  2.000  E+01  cal/g  of  AP  (+endoth.) 
+  5.260  E+02  cal/g  of  AP 
-  8.000  E+02  cal/g  of  AP 
+  2.250  E+02  cal/g  of  binder 
+  8.000  E+01  % 

+  4 . b00  E-01 
+  6.000  E+00 
+  1.600  E+04  cal/gmole 
+  2.000  E+04  cal/gmole 
+  1 .540  E+00  g/cm’ 

+  3.300  E-01  cal/g-K 
+  1.400  E-03  cm2/s 
+  3.300  E-01  cal/g-K 
+  1.000  E-04  cal/cm-K-s 
+  2.600  E+01  g/gmole 
+  0.000  E+00  % 

+  0.000  E+00  % 

+  3.000  E+02  K 
+  4.050  E+02  K 


+  7.120  E-04  cal/cm-K-s 
+  2.705  E+03  cm/s 
-  1.582  E+02  cal/g 
+  3.380  E-01 
+  2.350  E+00 

+  Tf , ref  "  (  50/68) • (Pref  -  p) 


Pressure,  Pref  +  6.800  E+01  atm 

Temperature,  Tref  +  3.000  E+02  K 

Burning  Rate,  Rref  =  R  (Pref)  +  8.370  E-01  cm/s 

Surface  temperature,  Tg>ref  =  Ts(pref*  +  1>000  E+°3  K 

Flame  temperature,  Tf  =  T-(P  ,)  +  2.430  E+03  K 

Distance,  xref  »  °c/Rref  f  ref  +  l*67^  E-03  cm 

Time,  tref  *=  Oc/R'ref  +  1*998  E-03  s 

Heat,  Qref  -  Cc<Ts,ref  -  Tref)  +  2-31  0  E+02  cal/g 

Energy  flux,  lref  -  PcccRref (TS( ref-Tref )  +  2.978  E+02  cal/cm’-s 


TABLE  3 


Surface  temperature  and  burning  rate  associated  with  roots  A  and  B  in  the 
pressure  range  10  to  60  atm.  Root  A  (steady  reacting  solution)  is  indipen- 
dent  on  the  order  of  the  approximating  polynomial,  while  root  B  (unsteady 
reacting  solution)  does  depend.  Nonlinear  static  restoring  function  eva¬ 
luated  for  standard  conditions  (Ta=300K,Qg=  -  158.2  cal/g,  adiabatic  burning). 


Pressure 

P,atm 

es(A) 

It  (A) 

MTS  flame 
es(B)  fl(B) 

n  =  2 

es(B) 

n  - 

*3{(b) 

3 

CTSS  nonlin. 

6  (A)  7((A) 

s 

flame 

es(B) 

n 

CR(B) 

3 

10 

0.860 

0.415 

0.667 

0.084 

0.618 

0.052 

0.866 

0.414 

0.571 

0.035 

20 

0.909 

0.575 

0.691 

0.107 

0.646 

0.070 

0.910 

0.570 

0.610 

0.051 

30 

0.937 

0.687 

0.709 

0.126 

0.663 

0.083 

0.939 

0.686 

0.633 

0.065 

40 

0.957 

0.775 

0.719 

0.138 

0.674 

0.093 

0.960 

0.783 

0.651 

0.076 

50 

0.972 

0.849 

0.729 

0.151 

0.684 

0.101 

0.977 

0.868 

0.664 

0.086 

60 

0.984 

0.913 

0.737 

0.161 

0.692 

0.108 

0.990 

0.944 

_ 

0.675 

0.095 

TABLE  4 

Computer  simulated  go/no-go  transient  tests  showing  agreement  with  the 
predicted  lower  dynamic  boundary  and  strong  dependence  of  dynamic 
extinction  on  the  initial  conditions.  All  runs  performed  for  adiabatic 
strands  with  T  =  300  K  and  Q  =  -  158.2  cal/g. 

a  S 


Pressure!*) 

P,atm 

Forcing  Law 

B 

P 

or 

Br 

Flame 

Model 

Observed  dynamic 
limit 

e 

A  s 

Predicted  dynamic 
limit  (n  =  3) 

H  e 

A  s 

10 

linear  deradiation, opaque 

100 

MTS 

0.058 

0.627 

0.052 

0.618 

10 

bilinear  derad.,  opaque 

100/20 

MTS 

0.057 

0.626 

0.052 

0.618 

10 

parabolic  derad. , opaque 

640 

MTS 

0.056 

0.625 

0.052 

0.618 

10 

exponential  derad. .opaque 

5 

MTS 

0.058 

0.627 

0.052 

0.618 

10 

exponential  derad. .opaque 

10 

MTS 

0.053 

0.619 

0.052 

0.618 

10 

exponential  derad., 
a  =  2000  an-1 

10 

MTS 

0.048 

0.610 

0.052 

0.618 

10 

exponential  derad. , 
a  =  1000  an-1 

10 

MTS 

0.052 

0.618 

0.052 

0.618 

10 

exponential  derad. , 
a  *  500  an-1 

10 

MTS 

0.053 

0.620 

0.052 

0.618 

10 

exponential  depress. 

10 

MTS 

0.051 

0.615 

0.052 

0.618 

10 

exponential  depress. 

3.336 

MTS 

0.054 

0.621 

0.052 

0.618 

20 

linear  deradiation, opaque 

200 

MTS 

0.076 

0.655 

0.071 

0.647 

20 

exponential  derad. , opaque 

10 

MTS 

0.072 

0.649 

0.071 

0.647 

20 

exponential  derad. .opaque 

10 

KTSS 

nonlin. 

0.070 

0.642 

0.051 

0.610 

20 

linear  deradiation, 
a  =  2000  an~1 

500 

MTS 

0.080 

0.660 

0.071 

0.647 

30 

exponential  derad. opaque 

10 

MTS 

0.102 

0.685 

0.083 

0.663 

40 

========= 

exponential  derad. , opaque 

= =  “ - - S - - : 

10 

MTS 

0.123 

0.706 

=========: 

0.093 

:  =  =  =  =  =  =  ==  =  =  = 

0.674 

====== 

(*)  final  pressure  in  the  case  of  depressurization  transients. 
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Fig.  la  -  Schematic  diagram  of  the  physical  problem. 

1b  -  Schematic  diagram  of  energy  balance  at  the  surface. 


PRESSURE 


ADIABATIC  CONDENSED  PHASE  AT 
GIVEN  AMBIENT  TEMPERATURE 
ANO  SURFACE  HEAT  RELEASE 


NONDIM  SURFACE  TEMPERATURE, 
v  9s“Si,s  "  us 


X  %  _  *0 

*  j  u* 

<  > 

B|  Si  A, 

STATICALLY  UNSTABLE  STABlT  EQUILIBRIUM  CONFIGURATIONS 


g.  2  -  Qualitative  skectch  of  the  static  restoring  function,  for  different  pressure 

values,  illustrating  the  existence  of  three  equilibrium  configurations: 

A.and  B,  (for  the  reacting  mode) ,  C  (for  the  unreacting  mode) .  Roots  are 
statically  unstable.  MTS  and  KTSS  nonlinearized  flames. 


RADIANT  FLUX  INTENSITY, Iq 
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Fig.  3  -  Static  and  dynamic  (n  =  3)  stability  boundaries  on  a  burning  rate  vs  pressure 

plot.  MTS  and  KTSS  nonlinear ized  flames. 
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Fig.  4  -  Dynamic  extinction  following  exponential  deradiation,  at  10  atm  of  pressure, 

of  a  solid  propellant  with  transparent  condensed  phase. 
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Fig.  5  -  Radiative  ignition  transients,  at  20  atm  of  pressure,  of  a  solid  propellant 

with  opaque  condensed  phase  showing  occurrence  of  dynamic  extinction. 


DISCUSSION 


M.Barrere,  ONF'RA,  Fr 

Your  model  is  somewhat  complicated  from  the  mathematical  aspect  and  does  not  consider  the  combustion  as  a  three 
dimensional  phenomena  or  the  heterogeneity  of  the  combustion  zone.  Your  theory  may  be  used  to  make  predic¬ 
tions  for  double  base  propellants  but  difficulties  would  arise,  for  example,  in  predicting  a  change  in  the  ammonium 
perchlorate  pressure  limit  of  deflagration  from  21  atmospheres  to  0.5  atmospheres  by  the  addition  of  I  '7  catalyst. 


Author's  Reply 

My  theory  is  limited  by  the  available  or  utilised  quasi  steady  flame  model.  Hence  the  theory  can  predict  pressure 
deflagration  limits  but  only  within  the  validity  of  the  specific  flame  model  employed.  If  the  prediction  is  not 
verified  then  the  chosen  flame  model  has  to  be  rejected. 


M.Barrere,  Fr 

Would  you  not  consider  that  the  same  conclusions  can  be  obtained  with  a  modfied  ZELDOVITOI  analysis  using 
steady  state  data  in  the  gas,  unsteady  and  non-linear  transfer  in  the  solid  with  an  appropriate  pyrolysis  law  at  the 
surface? 


Author's  Reply 

The  ZHLDOVITCH  approach  is  unable  to  discrimate  the  boundaries  of  dynamic  and  static  combustion  stability. 
This  was  recognised  by  Novozhilov  in  I  d75  and  this  point  is  referred  to  in  more  detail  in  page  2  of  my  paper. 
However,  if  you  wish  to  extend  the  valid  range  of  the  ZFLDOVITOI  approach  then  appropriate  assumptions  have 
to  be  made.  This  would  result  in  a  ‘'ZFLDOVITOI  flame  model  " 
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ABSTRACT 

The  methods  for  the  theoretical  prediction  of  delivered  specific  impulse  are  relatively  well-known. 
They  involve  computing  the  losses  due  to  two- phase  flow,  divergence,  boundary  layer,  kinetics,  nozzle 
submergence  and  combustion  efficiency.  The  largest  computed  loss  in  typical  aluminized  solid  propel¬ 
lants  is  the  two-phase  flow  loss;  this  computation  also  has  the  largest  uncertainty  because  the  particle 
size  and  distribution  are  not  known  precisely.  In  this  paper,  a  correlation  of  mean  particle  diameter 
versus  throat  diameter  from  experimental  data  was  used  with  the  solid  rocket  performance  prediction 
program  (SPP)  to  predict  the  propellant  specific  impulse  of  a  number  of  motors.  These  predictions  are 
compared  to  the  experimental  values.  The  results  indicate  that  the  specific  impulse  efficiency  appears  to 
be  an  inherent  property  of  the  propellant.  In  addition,  the  experimental  specific  impulse  and  specific 
impulse  efficiency  were  statistically  correlated  against  throat  diameter  and  expansion  ratio  for  propel¬ 
lants  of  similar  oxidizer  and  aluminum  content.  These  correlations  are  as  accurate  as  the  longer,  more 
expensive,  theoretical  analysis.  In  addition  to  specific  impulse  prediction,  the  equations  are  useful  in 
optimization  of  motor  design. 
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NOMENCLATURE 
Ammonium  perchlorate 
A  luminum 
Inlet  area  ratio 

Characteristic  velocity,  ft/sec 
Throat  diameter,  in. 

Particle  diameter,  //m 
Thrust,  lb 

Specific  impulse,  sec 
Characteristic  length,  in. 

Nozzle  length,  throat  to  exit,  in. 

Pressure,  psi 
Radius 

Radius  of  curvature,  downstream,  nondimensional  (R/R^l 
Throat  radius,  in. 

Radius  of  curvature,  upstream,  nondimensional  (R/ R^l 

Correlation  coefficient 

Submergence  fraction 

Turbulent  boundary  layer,  Eq.  (7) 

Velocity 

Weight  flow,  lb/sec 
Displacement  thickness 
Expansion  ratio 
Efficiency 

Momentum  thickness 
Initial  divergence  angle,  deg 
Exit  angle,  deg 

Condensed  phase,  moles/  100  gm 
Gas  density 
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Subsc  ripts 

c  Combustion 

ti  Delivered 

k  Kinetic 

o  Overall,  measured 

s  Submergence 

2D2^  Two-dimensional  two-phase 


Superscript 
o  ideal 


INTRODUCTION 


It  is  highly  desirable  to  be  able  to  accurately  predict  the  delivered  specific  impulse  of  solid  propel¬ 
lants  in  rocket  motors.  This  would  assist  in  preventing  unduly  optimistic  or  conservative  motor 
designs,  in  selecting  solid  propellants,  in  determining  optimum  motor  parameters,  and  in  selecting 
competing  designs  or  alternatives.  The  methodology  of  solid  rocket  motor  performance  prediction  is 
relatively  well-known;  Cohen,  et  al.  (Ref.  1)  recently  made  an  excellent  review  of  the  subject  and 
assessed  the  accuracy  of  the  predictions.  In  addition  to  specific  impulse,  he  also  considered  ignition 
transients,  peak  pressures,  tail-off,  extinguishment,  and  the  prediction  of  pres  sure -time  traces.  This 
paper  will  discuss  only  the  prediction  of  delivered  specific  impulse. 

Although  there  have  been  a  large  number  of  papers  concerned  with  methodology,  discussion  of  loss 
mechanisms,  development  of  equations  and  computer  program,  and  the  experimental  determination  of 
necessary  data  such  as  particle  size,  kinetic  rates,  drag  coefficients,  and  heat  transfer  coefficients, 
there  have  been  very  few  papers  that  have  compared  experimental  specific  impulse  measurements  to 
analytical  predictions.  The  first  paper  on  that  subject  appears  to  be  that  of  Kliegel  and  Nickerson  (Ref.  2), 
who  utilized  the  first  program  developed  to  calculate  two-phase  flow  losses.  The  analysis  estimated 
boundary  layer  and  divergence  losses,  and  was  compared  to  experimental  measurements  on  test  motors 
designed  to  determine  the  adequacy  of  the  analysis.  The  results  were  good.  Additional  studies  com¬ 
paring  the  predicted  and  experimental  specific  impulse  have  only  appeared  recently  (Refs.  3  through  6). 
The  predictive  capability  of  these  later  studies  is  excellent  with  a  maximum  error  of  0.6  percent.  The 
motors  analyzed  were  primarily  small  test  motors  containing  double-base  propellants  with  four  full-scale 
motors  analyzed  (Ref.  4).  Composite  propellants  were  studied  in  small  test  motors  (Ref.  5)  with  low 
expansion  ratios  (<10t.  Unfortunately,  the  programs  utilized  are  not  generally  available.  It  is  not  clear 
how  applicable  Daines'  (Ref.  4)  technique  is  to  the  range  of  composite  propellants,  motor  and  nozzle 
designs  found  in  space  motors--a  large  class  of  motors  of  considerable  importance.  A  space  motor  is 
usually  a  motor  of  medium  pressure,  long  burn  time,  and  high  expansion  ratio.  One  study  (Ref.  7)  has 
utilized  empirical  prediction  techniques  for  these  motors. 

This  study  had  two  objectives,  the  first  being  to  determine  how  well  one  could  predict  specific 
impulse,  a  priori.  The  second  and  more  important  objective  was  to  determine  how  well  one  might  pre¬ 
dict  motor  performance  if  a  limited  amount  of  data  were  available  on  a  motor  of  similar  size  or  a  near¬ 
identical  motor  with  a  different  expansion  ratio.  These  data  are  usually  available  because  the  conserva¬ 
tism  of  space  systems  usually  dictates  the  use  of  proven  technology.  This  study  was  to  be  accomplished 
by  predicting  the  performance  of  a  large  sample  of  space  motors  for  which  the  necessary  information 
was  available.  The  mechanics  of  the  study  were  minimized  by  the  availability  of  SPP--a  solid  perfor¬ 
mance  prediction  program  recently  developed  under  sponsorship  of  the  Air  Force  Rocket  Propulsion 
Laboratory  (Ref.  8),  The  following  section  gives  a  brief  description  of  SPP.  In  subsequent  sections, 
the  motors  are  described  and  the  results  of  the  analysis  presented.  The  experimental  data  is  analyzed 
with  a  multivariable  regression  analysis,  and  equations  giving  delivered  specific  impulse  and  overall 
motor  efficiency  as  a  function  of  motor  and  propellant  parameters  are  presented. 


DESCRIPTION  OF  SPP 

A  solid  rocket  motor  performance  prediction  program  (SPP1  was  developed  under  Air  Force  Rocket 
Propulsion  Laboratory  sponsorship  (Ref.  8).  SPP  predicts  delivered  specific  impulse  based  on  the  ideal 
value  of  specific  impulse  and  losses  in  specific  impulse  due  to  the  effects  of  two-phase  flow,  divergence, 
kinetics,  boundary  layer,  submergence,  and  inefficient  combustion.  The  program  also  has  a  general 
three-dimensional  grain  design  capability  and  can  predict  mass  flow,  pressure  and  thrust  as  a  function  of 
time,  given  the  appropriate  grain  and  motor  dimensions  and  propellant  ballistic  properties.  This  portion 
of  the  program  will  not  be  further  discussed.  A  brief  description  of  the  specific  impulse  prediction  por¬ 
tion  of  the  program  will  be  offered  to  enable  a  better  understanding  and  evaluation  of  the  results  to  be 
presented  later. 

The  delivered  specific  impulse  is  calculated  using  the  following  equation: 

!spd  =  ‘sp  ^2D20^k^s  ^c  *  4TBL 


(11 


It.  e  terms  are  .Ir  fined  it.  thp  non  .p  IK'  la  lure .  The  I1’,  t»  the  ideal  »l>eciflc  impulse  (OMK.  one- 

dimensions I  equi  librium)  calculated  (mrrlv  Iron,  the'rmodvnanuc  data  assuming  one  dimensional  ■'»«. 
chemical  equi  lit' .......  between  species  ..ml  phases.  thermal  and  velocity  equilibrium  between  condensed 

c.t  irou.  phases  and  adiabatic  isent  ropic  flow.  Ihe  pr..||M...  contains  routines  (subprograms!  to  .-..l.nUIr 
Paeh  o(  It.r  efficiencies  or  losses  In  Kq.  111.  Km  I.  of  these  routines  will  l>r  described  (.plow, 

|  |, p  iw„  phase.  two-dimensional  flow  ro.itii.p  calculates  combined  two  phase  and  divergence  ctli 
Oipn.-v  (t). ,,,.*!.  .'"'I  >»  based  Oil  tl.p  following  assumptions  ..ml  restrictions.  I' lip  hop  ip  on  l.lpo  1  gas 
...tli  constant specific  I.poIp  ...  tl.p  li(|..iil  anil  poll. I  phase,  Knergv  exchange  between  hop  on.l  particles 
m-curs  oi.lv  1>V  .  onvevtion.  ami  tin-  only  forces  on  tl.p  particles  o  re  viscous  .Iran  forces.  I  Ur  port..  Ip 
vo lump  . p  i.ph ItH ihle .  and  tl.p  intprnal  temperature  >p  uniform.  Hip  l.pat  of  .■ondpnrotion  ip  accounted 
lor  .\P  ,,,onv  op  i.Ii.p  particle  nroupp  of  difforont  dlon.ptprp  on.l  weight  fractions  .  on  l.p  PiitPrpd.  Hip 
no/.-lp  oon vp thp nt  section  .....Pt  l.p  control  and  Ippp  than  4‘.  .Ip.h.  TI.p  upptrpa...  and  downstream  radius  ot 
.  .. r vaturr  ot  tl.p  throat  can  l.p  different.  hut  n.u»t  hp  greater  than  0.  s  (normalised  to  tl.p  throat  radiit. 
there  oi  p  flip  optloi.p  for  thp  exit  coup:  conical,  parabolic,  circular  arc.  and  either  o  ppl.tir  nt  or  ^ 
straight  tabular  input.  Thla  routinp  calouloteo  o  two  dtn.pnp  Iona  I,  two  phapp  specific  imp.. 1pp.  I„„(-I’-V. 
u  olpo  colc.UtPP  an  ideal  specific  impulse.  V’  ,!.•  I If .  K.  I.  upIuh  thp  po.up  aoPumptlono  op  ..  tt,<* 

OPK  with  thp  oddp.l  rpatriction*  ot  tl.p  two  dlmenolonal.  two  phapp  program.  1  l.p  two  dln.pn«lo..o  I,  two 
pl.opp  efficiency  ip  then  calculatpd  from  tl.p  followinn  pquation: 


1  (.MhWl°  l.’IV*.  It.  K. 
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Phio  efficiency  contalnp  both  the  two  phapp  and  dlcerHence  Iopppp.  and  no  attempt  ip  made  to  oeparate 

thrill. 

1  he  kinetic  efficiency  < rj  >  can  he  determined  either  hv  calculation  or  with  an  empirical  pquation. 
lioth  me tho.lo  ore  described  below.  The  kinetic  loop  calculation  >o  one  dimensional.  t  he  some  aosump 
lions  are  made  about  the  particles  (condensed  phase!  as  In  the  two  dimensional,  two  phasr  portion  ot  the 
pr.'H  ram.  Additionally,  it  is  assumed  that  the  particles  ore  m  thermal  and  velocity  equilibrium  with  thp 
H  IP.  1  lie  Has  can  hove  o  maximum  ot  l  Ml  distinct  chemical  reactions  and  40  individual  species.  I  he 
maximum  suHHeoted  for  the  i  .  II.  O.  N.  .  1.  A I  system  Is  .*S  species  and  71  reactions,  l  och  reaction 
ami  tl.p  kinetic  data  must  hp  input  to  thp  program  so.  typically,  far  less  reactions  are  uoed.  I  hp  pro 
H.-ani  calculates  a  specific  impulse.  I„,,(kt,  allowli.H  tor  the  citeclo  of  the  kinetic  reactions.  It  also 
calculates  an  ideal  specific  Impulse,  l',’.,(k.  K.K.h  usii.H  the  assumptions  ot  Ol'K  and  thp  additional 
assumptions  about  particle  pqullibri.nl.  used  ...  the  kinetic  calculation.  the  gas  species  are  allowed  to 
vary  accordinn  to  equilibrium  requirements,  so  one  should  Input  sufficient  Information  to  cover  the  major 
species  and  reactions.  I  he  specific  Impulse  efficiency  is  then  calculated  from  the  ratio  ot  these  two 
specific  Impulses  as  follows. 


1  (kt/l° 

*P  •  "I 
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I), e  results  to  he  discussed  later  did  not  determine  a  kinetic  efficiency  by  calculation  but.  instead,  used 
the  empirical  formula.  1  he  empirical  loss  is  based  on  the  difference  between  froeen  composition  (i'l'l  1 
and  equilibrium  specific  Impulse  with  a  pressure  correction.  Ihe  equation  is 


l'  (OPK! 

sp 


I'  i  .‘(HI 


a  t  e  r ,  the  differences  between  calculated  and  empirical  kinetic  efficiencies  will  be  discussed. 
A  semiempi r i ca I  equation  for  submergence  loxs  is  provided  within  SI’I',  11.*'  pquation  is 

,0  8  0.4  0..' 

r;  1  0.  000684  | \'i  /  ASlUll  S  P 


A  complex  empirical  equation  tor  combustion  elficiency  as  a  function  ot  propellant  composition  and 
I. urn  rate  is  provided.  I  lie  calculations  described  herein  assumed  100  percent  combustion  efficiency; 
therefore,  the  efficiency  function  is  not  presented.  It  is  probably  better  to  base  an  estimate  ot  the  com 
stt.m  elflclet.cv  on  experimental  information  or  experience,  it  available,  than  to  use  that  provided  hv 
I  r  m  In.  h.  in  addition  to  its  complexity,  may  not  be  particularly  accurate. 

■  l,e  boundary  layer  loss  (4l  |\l.)  Is  calculated  from  the  turbulent  boundary  layer  ,1111  I  routine. 

.  .  ...  .  nt  e  h  r  a  I  method  that  uses  the  boundary  layer  e.lne  conditions  Iron,  the  two  dimensional,  two 

,  ..  urogram.  Although  It  is  considered  inaccurate  for  heat  transfer  calculations,  particularly  at 

,  It  ap|.e  a  rs  to  he  sufficiently  accurate  for  the  thrust  loss  calculation  considering 

:  lu  thrust  loss  is  determined  Iron,  the  momentum  deficit  In  Ihe  boundary  layer  at  the  noi/le 
l  .  .  the  folio*  I  tt£  ! 
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Specific  impulse  losses  are  determined  by  dividing  the  thrust  loss  by  the  mass  flow  from  the  two- 
dimensional,  two-phase  routine. 

<1TB1,  =  4fbL/w2D2*  <7' 

MOTOR  DATA  AND  ANALYSIS  METHOD 

Sufficient  information  was  obtained  from  motor  manufacturers. to  allow  the  analysis  of  the  10 
r8rr  '  fdr  Tab  e,l\.  1  he  motor8  ,arp  numbered  to  allow  easy  comparison  with  the  results  given  in 
1  able  II  and  for  ease  of  discussion.  The  propellant  information  indicates  the  type  of  binder  and  weight 
percent  of  ammonium  perchlorate  and  aluminum,  while  the  nozzle  type  shows  whether  it  is  conical 
amm  m  'Clr.rU'ar’  •rc/  ,°r  wall>  Seating  ')>■>'  •>  wall  table  was  used  for  some  other  type  of  conlour. 
AM  D  is  the  ratio  of  the  inlet  nozzle  area  to  the  initial  throat  area.  The  inlet  area  was  based  on  the  nose 
of  the  convergent  section  of  the  nozzle;  analysis  shows  that  large  changes  in  this  value  only  affect  the 
submergence  efficiency  The  radii  of  curvature  at  the  throat  are  those  for  the  initial  contour.  The 

and'f,  0r“7T  °VhC  ,br°at  iS  WhiU'  ««  is  thp  «"fHe  determined  by  the  routine 

discussed  below  Nozzle  length  is  the  initial  nozzle  length  from  throat  to  exit  plane,  submergence 

.  ,he  submerged  length  of  the  nozzle  divided  by  the  grain  length,  and  throat  diameter  is  the  average*  of 

th^  t'hroat  a"'  **”*1  AT*!  d‘amet*ra-  The  average  expansion  ratio  is  based  on  the  initial  exit  area  and 
hi  throat  area  calculated  from  the  average  throat  diameter.  The  average  pressure  is  that  over  web 

VV  ’°n  ,here.  ,s  a  sl’arP  tail-off.  If  there  is  no  obvious  web  burnout,  then  the  average  pressure  over 
action  time  is  given.  Action  time  is  the  time  between  pressures  that  are  ten  percent  of  maximum 
chamber  pressure. 

I  '  S!!’K  the  initial  radius  of  curvature  (Rj)  with  the  average  throat  radius  results  in  slight  differences 

h  n  u’'’  'r  ana  y""uanC'  or‘«‘;’al  nozzle  contours.  The  conical  nozzles  analyzed  become  slightly  shorter 
.  the  original.  I  he  nozzle  length  of  the  circular  arc  and  parabolic  contours  was  fixed,  as  was  0  •  the 

had'tn  he  ad  *  |Y  T k! 'A  “’“A  ‘ban  ,thc  ori8inal  contour.  The  nozzles  with  tabulated  wall  contours 

had  to  be  adjusted  slightly  to  allow  a  smooth  transition  from  the  circular  arc  to  the  contour.  These 
slight  alterations  in  contour  should  have  a  negligible  effect  on  the  calculated  specific  impulse.  This  was 
considered  preferable  to  using  the  initial  contour  and  trying  to  correct  the  calculated  specific  impulse 
for  the  change  in  expansion  ratio  and  also  for  the  effect  of  the  change  in  throat  diameter  on  the  particle 


This  analysis  used  a  mean 


1  TU •  J  ..  .  1  ,  .  ummeie r  oniy,  as  sn 

in  1  ig.  1.  IHi  is  the  result  of  some  early  work  of  Delaney  on  the  measurement  of  mean  particle  di 
meters.  His  tmal  correlation  (Ref.  d)  is  also  shown  in  the  figure.  The  earlier  correlation  was  use 
because  of  previous  analyses  that  indicated  its  use  in  the  predecessor  programs  to  SPP  gave  predict 
specific  impulses  that  agreed  rather  well  with  experimental  values  for  a  number  of  motors.  The  co 
lation  m  the  Si  i  is  also  shown  in  Fig.  1,  and  the  equation  is  given  below; 


Dp  =  0.454  P*^f 1/1  fl  „  expfO.  0004LVl]  (1  +  0.045  Dt>  (g| 

This  correlation  was  not  used  because  of  the  smaller  particle  size  it  predicts.  Only  a  single  particle 
size  was  used  as  analyses  have  indicated  that  there  is  a  negligible  effect  of  using  multiple  particle  sizes 

Ih/ft  7dV/1,rVlr''  PrimfHly  °f  in  ®BiHying  possible  impingement.-  A  particle  density  of’ 

8  g/cm  I  was  used,  equivalent  to  a  temperature  of  4600°R  (2556°K).  With  single  particles 

very  few  of  the  particles  ever  solidify,  and  this  is  a  representative  particle  density.  Some  "nte raet!',n 
letween  the  particle  density  and  particle  size  on  the  results  of  the  calculation  is  recognized.  An  inlet 

ang  of  deg  was  used  which  will  normally  not  result  in  impingement  with  SPP.  Therefore  impinge 
ment  losses  were  not  considered.  mereiore,  lmpinge- 


ANA  LYSIS  RESULTS  AND  DISCUSSION 

The  results  of  the  analysis  are  presented  in  Table  11.  The  theoretical  (ODE)  vacuum  specific 
LTonelU  i  iE'  Ui<*  ca  culated  unde r  the  conditions  (f.P)  given  in  Table  I.  This  calculation  is  made  at  a 
propellant  tbmperature  of  25  (  .  The  delivered  specific  impulse  is  the  experimental  measurement  made 
,"?C  '.0nfl,°n;  an<l  c'°rrected  to  vacuum  conditions,  and  is  the  total  impulse  delivered  by 
he  motor  divided  by  the  loaded  propellant  weight.  The  data  are  reported  at  a  variety  of  propellant  V 

ha.Vcan'b*  "'V  T^l  ^  he  correction  for  temperature  is  so  small,  approximate  lyO.  0^5  sec/°E 
that  It  can  be  neglected.  The  predicted  specific  impulse  is  calculated  as  previously  described.  The 
ATr’Il'r  f«e,predlc,t  °.n;  Ipfcdicted  specific  impulse  minus  delivered  specific  impulse)  is  given.  The 

The  Ae  ,?aftfi<iieenCyl  '8  ,,''Il'"'r<\d  "pecific  impulse  divided  by  the  theoretical  one-dimensional  value, 
hr  remaining  columns  are  the  efficiencies  and  boundary  layer  loss  calculated  by  the  program, 

A  plot  of  the  predicted  versus  delivered  specific  impulse  is  shown  in  Fig.  2.  It  will  be  noted 

£  r/ue  s'  motoVs  "l  1°  °verPr'dic‘th*  "Pacific  impulse.  A  gross  underprediction  is  made  for  the 

Hercules  motors  with  double-base  propellant.  If  average  values  for  the  nozzles  of  these  motors  had 
been  available  instead  of  the  Initial  conditions  used,  the  errors  would  have  been  larger.  Most  of  the 
ensuing  discussion  wil  neglect  these  two  motors  because  they  contain  double -base  propellants,  and  their 
propellant's*  '"p  clt'1'  '7o>  ,1rr  different  from  the  other  motors  containing  composite 

stands'.- >r,ievf7!RP  frri°ri  f4,»p'  f°r  the  l8  composite  propellant  motors  in  Table  II  is  I.  I  sec.  The 
ThesHe  result's  are  I  fl .  *PC ' -undesirably  high.  Possible  causes  of  the  error  will  he  discussed  later. 

r  vir  «r!  d  .  v  u"“  i*c'cr"rat*f  ,han  desirable.  There  is  another  question  that  requires  examl- 
n.  fdven  firing  data,  how  well  can  one  predict  the  nerformance  of  a  higher  expansion  ratio  nozzle  or 


of  a  similar  motor  from  the  same  family?  In  these  cases,  the  analysis  provides  much  better  results. 
Compare  motor  27  with  28  and  motor  12  with  13,  where  identical  motors  were  fired  with  different  expan¬ 
sion  ratios.  Given  the  results  of  the  firing  of  the  low  expansion  ratio  motor  and  applying  the  bias 
between  the  predicted  and  experimental  values  of  specific  impulse  for  that  motor  to  the  prediction  of 
the  high  expansion  ratio  motor,  very  accurate  results  are  obtained.  Thus,  given  the  results  of  motor  12, 
one  would  have  predicted  motor  13  within  0.  I  sec  and,  given  the  results  of  motor  27,  one  would  have 
predicted  motor  28  within  0.3  sec.  The  results  for  the  Minuteman  motors  with  extendable  exit  cones 
(EEC)  are  less  accurate.  However,  cones  were  not  extended  over  the  full  duration  of  the  firings,  and 
there  were  some  minor  problems  with  the  cones  that  may  have  reduced  the  specific  impulse  slightly. 
Therefore,  this  procedure  can  be  considered  to  be  very  accurate. 

Voting  how  similar  the  biases  are  for  similar  motors,  one  finds  relati  ve  ly  good  agreement.  Thus, 
motors  4  and  5  are  similar,  as  are  motors  15,  16  and  18  and  motors  20,  21  and  22;  within  each  group 
biases  are  quite  similar.  The  worst  spread  of  biases  within  each  group  is  2  sec.  This  would  indicate 
that  with  data  from  one  motor,  one  should  be  able  to  predict  a  similar  motor  within  2  sec.  A  larger  view 
may  also  be  taken  of  the  group  of  motors,  and  one  finds  that  the  Thiokol  CTPB  propellant  motors  are 
grouped  closely  as  are  the  UT-CSD  PBAN  motors.  The  Aerojet  motors  can  be  divided  into  two  groups-- 
low  and  high  pressure  motors,  and  each  group  has  a  relatively  small  spread  in  bias.  It  thus  appears 
that,  given  data  for  a  single  motor,  one  can  predict  similar  motors  within  approximately  2  sec. 

A  limited  number  of  kinetic  efficiencies  were  calculated  to  compare  with  the  empirical  values 
[Eq.  (4)].  They  only  included  11  gaseous  species  (H,  OH,  h^O,  O,  C>2,  H2,  CO2,  CO,  N,  N2,  NO), 
eight  recombination  reactions  and  15  binary  exchange  reactions.  This  limited  analysis  indicates  that  the 
empirical  kinetic  equation  unde restimated  the  loss  at  the  higher  pressures  (greater  than  300  psi)  by 
approximately  0.5  percent.  It  also  appears  that  a  better  pressure  correlation  in  Eq.  (4)  would  be  300/P, 
rather  than  200/P.  The  boundary  layer  routine  was  run  with  an  adiabatic  wall.  If  a  colder  wall  had  been 
used,  representative  of  the  nozzle  temperature,  the  boundary  layer  loss  would  have  increased  slightly. 
These  corrections  would  reduce  the  bias  from  1.  1  sec  to  approximately  -1  sec.  Impingement  was  not 
considered  in  the  analysis  but,  reportedly,  all  of  the  motors  have  negligible  impingement  except  for 
motor  14  for  which  a  preliminary  estimate  is  that  the  loss  due  to  the  impingement  is  approximately  only 
1  sec. 

It  is  unlikely  that  the  errors  in  the  specific  impulse  predictions  are  due  to  errors  in  the  submer¬ 
gence,  kinetics  or  boundary  layer  losses  as  the  motors  and  propellants  are  too  similar  to  allow  much 
variation  in  these  losses.  The  errors  must  be  due  to  the  assumption  of  100  percent  combustion  efficiency 
or  to  the  particle  correlation  used.  A  measure  of  combustion  efficiency  would  be  the  c"  efficiency. 
Although  specific  impulse  measurements  are  readily  available,  c"  measurements  are  not  typically  re¬ 
ported.  An  attempt  will  be  made  to  obtain  this  information  to  see  if  the  accuracy  of  the  prediction  is 
improved.  The  introduction  of  a  pressure  term  into  the  particle  size  correlation,  such  as  in  Eq.  (8), 
would  probably  improve  the  analysis.  This  is  best  illustrated  by  considering  the  Aerojet  space  motors 
where  introduction  of  particle  size  as  a  function  of  pressure  would  reduce  the  error  between  the  low- 
pressure  and  high-pressure  motors.  The  particle  size  may  also  be  dependent  upon  the  propellant  proper¬ 
ties,  as  evidenced  by  the  high  efficiency  of  the  Hercules'  double-base  motors.  Motors  11  and  24,  identi¬ 
cal  except  for  the  propellants,  and  with  a  difference  in  efficiency  of  0.6  percent,  may  also  be  compared. 
However,  motor  24  has  had  only  a  single  altitude  firing.  The  only  method  for  predicting  particle  size 
other  than  the  correlation  discussed  herein  is  the  method  of  Bartlett  and  Delaney  (Ref.  10)  utilized  by 
Dairies  (Ref.  4).  We  have  not  yet  tried  this  technique.  It  is  doubtful  that  this  technique  would  result  in 
sufficiently  different  particle  sizes,  given  the  similarity  of  the  propellants  and  the  limitation  of  the 
program  to  conical  inlets.  The  particle  size  may  be  a  complex  function  of  propellant  properties  and 
motor  conditions  not  readily  identified.  Inclusion  of  measured  c"  efficiencies  in  the  analysis  may  indi¬ 
cate  the  extent  to  which  particle  size  prediction  is  in  error. 


ST ATISTICA  L  ANA  LYSIS 

The  experimental  data  in  the  motors  containing  composite  propellants  were  statistically  analyzed 
with  a  multivariable  least  squares  regression  analysis  to  determine  if  useful  correlations  for  preliminary 
estimates  or  optimization  programs  could  be  developed.  The  equations  used  and  the  results  obtained  are 
given  in  Table  III.  Note  some  minor  changes  in  the  nomenclature  at  the  bottom  of  the  table.  The  angle 
used  in  the  divergence  efficiency  was  previously  used  by  Kirschner  (Ref.  7).  This  type  of  equation  was 
used  because  earlier  studies  of  two-phase  flow  with  the  one-dimensional  analysis  showed  these  losses 
could  be  correlated  by  an  equation  of  this  form.  The  submergence  was  entered  as  1  -  S  to  prevent  mathe¬ 
matical  difficulties  with  zero  submergence.  Motor  19  was  eliminated  on  some  analyses  because  it  was  a 
large  outlier  in  the  efficiency  correlation.  Motor  19  contains  the  only  propellant  with  substantial  iron 
oxide,  has  the  lowest  expansion  ratio  of  any  of  the  motors,  and  had  only  one  test  firing. 

The  correlations  of  delivered  specific  impulse  appear  suitable  for  preliminary  estimates  with  an 
error  (la)  of  approximately  2.0  sec  (0.70  percent),  depending  on  which  equation  is  used.  The  correlation 
coefficient  R  is  >  0.  9,  indicating  the  validity  of  the  correlation.  The  choice  of  equation  should  depend  on 
the  regime  of  expansion  ratios  being  considered.  The  coefficients  of  the  equations  were  examined  with  a 
student  "t"  test  to  determine  the  probability  of  accepting  the  hypothesis  that  the  coefficients  are  equal  to 
zero.  The  analysis  was  then  repeated,  eliminating  those  variables  where  there  was  a  probability  greater 
than  five  percent  that  the  coefficients  could  be  zero.  This  eliminated  most  of  the  variables  and  did  not 
change  the  error  (a).  The  implications  of  this  result  are  discussed  below. 

A  better  correlation  of  specific  impulse  could  probably  be  developed  by  including  variables  for 
binder  weight  percent  and  type.  However,  since  ideal  values  (ODE)  of  specific  impulse  are  relatively 
easy  to  calculate,  it  appears  to  be  more  desirable  to  consider  overall  efficiency.  The  results  of  corre¬ 
lating  overall  efficiency  ( Tj0 )  are  presented  in  Table  III,  with  and  without  motor  19,  and,  as  previously 
discussed,  with  some  variables  eliminated.  Eliminating  motor  19  reduces  a  in  the  efficiency  correlation, 
although  it  did  not  do  so  in  the  specific  impulse  correlation.  The  error  (la)  without  motor  Id  has  been 
reduced  to  0.38  percent,  a  very  acceptable  figure.  The  statistical  analysis  reduces  the  error  by  more 
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than  50  percent  since  otherwise  the  variation  (la)  in  rjQ  is  1.  04  percent.  The  mean  of  rjQ  is  0.  9172. 
Statistical  analysis  of  efficiency  resulted  in  a  smaller  error  in  prediction  than  the  more  exact  calcula¬ 
tion  which  had  la  error  of  2.  1  sec  (0,72  percent).  The  developed  equations  are  admirably  suited  for 
preliminary  analysis  and  optimization  studies. 

The  elimination  of  pressure  as  a  significant  variable  does  not  agree  with  previous  comments  on  its 
probable  effect  on  particle  size.  In  a  real  motor,  the  increase  in  particle  size  due  to  pressure  may  be 
compensated  for  by  the  increasing  drag.  The  effect  may  be  more  apparent  in  the  calculation  than  in  the 
motor.  The  low  significance  of  submergence  losses  suggested  that  the  analytical  treatment  and  the 
experiments  upon  which  the  analysis  was  based  should  be  thoroughly  reviewed.  Programs  capable  of 
analyzing  subsonic,  two-phase  flow  with  submerged  nozzles  are  presently  being  developed.  Depending 
upon  the  results  of  the  analysis,  further  experimental  studies  may  be  desirable  to  investigate  the  effects 
of  submergence. 


SUMMARY 

Data  were  obtained  on  a  large  number  of  space  motors,  and  delivered  specific  impulse  predictions 
were  made  and  compared  to  the  experimental  values.  The  calculations  were  made  with  the  recently 
developed  computer  program,  SPP.  The  error  was  not  as  small  as  would  be  desirable.  The  result  was 
an  average  bias  of  1.  1  sec  and  a  standard  deviation  of  2.  1  sec.  Prediction  of  specific  impulse  of  a  motor 
from  experimental  data  on  a  similar  motor  is  more  accurate.  The  prediction  of  specific  impulse  for  a 
high  expansion  ratio  using  the  data  for  the  same  motor  with  a  lower  expansion  ratio  is  very  accurate. 

Delivered  specific  impulse  and  specific  impulse  overall  efficiencies  were  correlated  against  the 
variables  of  throat  diameter,  expansion  ratio,  chamber  pressure,  aluminum  content,  submergence,  and 
divergence  efficiency.  The  error  for  the  delivered  specific  impulse  correlation  was  approximately  the 
same  as  that  for  the  detailed  analysis.  The  correlation  of  efficiency  (T]Q)  was  much  better  with  an  error 
(la)  of  only  0.38  percent-  Not  all  independent  variables  were  statistically  significant,  particularly  sub¬ 
mergence.  This  indicates  that  the  submergence  loss  analysis  and  the  data  it  was  based  upon  deserve 
further  evaluation.  The  statistical  correlations  developed  are  very  useful  for  preliminary  estimates  and 
motor  optimizations. 
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DISCUSSION 

P.Kuentzmann,  ONF.RA,  Fr 

What  significance  do  you  attach  to  the  average  diameter  of  the  particles.  It  is  most  probable  the  particle  sizes  vary 
between  the  combustion  chamber  and  the  exit  plane  of  the  nozzle.  1  his  is  influenced  by  a  number  ot  parameters 
such  as  pressure,  scale  etc. 

Universal  curves  (DP-DT)  relating  particle  size  to  nozzle  throat  were  presented  by  you.  Were  these  established  on  an 
experimental  basis  and  can  you  elaborate? 

Author’s  Reply 

All  three  curves  presented  were  founded  on  experimental  data  but  the  data  base  tor  each  curve  was  different .  I  he 
early  work  actually  used  cloud  sampling  techniques,  whereby  the  exhaust  clouds  from  flight  test  vehicles  were 
sampled  and  the  particle  size  distribution  determined. 

As  such  it  was  the  particle  sizes  ejected  from  the  nozzle,  which  were  taken.  The  sizes  inside  the  rocket  chamber  can. 
of  course,  be  significantly  larger  than  outside  the  motor,  i.e.  the  mass  mean  diameter. 


A  SIMPLE  METHOD  TO  ESTIMATE  THE  INFLUENCE  OF  A  SMALL  VARIATION 
IN  THE  THROAT  AREA  ON  THE  PERFORMANCE  OF  SOLID  ROCKETS 
by 

H.F.R.  S choyer 

Consultant  National  Defense  Organization, 

TNO  Prins  Mauri ts  Laboratory, 

Technological  Research, 

Lange  Kleiweg  137,  P.O.  Box  45,  2280  AA Rijawijk 
The  Netherlands. 

Senior  Faculty  Member,  Delft  University  of  Technology, 
Department  of  Aerospace  Engineering, 

Kluyverveg  I,  2629  HS  Delft, 

The  Netherlands. 


During  surveillance  tests  of  operational  solid  rocket  motors,  one  will  usually  find  (small)  discre¬ 
pancies  between  measured  and  nominal  rocket  performances.  One  cause  may  be  erosion  of  the  nozzle  throat  or 

of  the*™ck  ,  ,  T,na-  th,7at  ?iaaeter-  As  the  nozzle  throat  «ea  determines  the  equilibrium  pressure 

z?cket  “°toz>  this  directly  affects  the  performance  of  the  missile.  If  a  computer  program  for  the 
calculation  of  rocket  performances  is  available,  one  may  calculate  the  rocket  performances  for  different 
which'  freas.  t0  0b‘a,n  a  trend.  With  the  technique  presented  here,  a  rapid  estimate  of  this  trend  is  obtained 
which  also  shows  the  mutual  dependence  of  motor  parameters.  Calculations  are  easily  made  with  a  small 

The  ^method's «  baT"  WhaC  “aY  ^  fr"  “  SmaU  deviation  throat  diametel  ^obtained. 

The  method  is  based  on  linearization  of  the  mean  ballistic  variables  with  respect  to  the  variation  in  throat 

area.  The ^variation  of  the  thrust,  specific  impulse,  burning  time,  mass  flow  and  total  impulse  are  nredicted 
rocket  "motors 'and  sahr^fSlrdlCtl0n8  ^  *  C°mPUter  Pr°8ra“  f°r  ““  ^tiSTal  baUi.tics  of  solid 


LIST  OF  SYMBOLS 
Latin  alphabet 


Ap  exit  surface  area 

At  throat  surface  area 

a  constant  in  burning  rate  law 

F  thrust 

B0  standard  surface  gravity 

*sp  specific  impulse 

!Cot  total  impulse 

®  mass  flow 

propellant  mass 

n  burning  rate  exponent 

P  pressure  ratio 

Greek  alphabet 

T  Vandenkerckhove  function 

Y  ratio  of  specific  heats 

A  Malina  correction  factor 

Indices  and  superscripts 
(  )  chamber 

(  )e  exit 

(  )j  impulse 


ambient  pressure 
chamber  pressure 
exhaust  pressure 
gas  constant 
burning  rate 
burning  surface  area 
combustion  temperature 
time 

burning  time 
web  thickness 


density  of  propellant 
density  of  combustion  products 


pressure 

throat 

perturbed  quantity 


INTRODUCTION 

,  ?tatlc  "“rveillance  testing  of  operational  rocket  motors  it  is  sometimes  observed  that  the  per- 

formance  deviates  from  the  expected  nominal  performance.  One  of  the  problems  for  the  laboratory  performing 
these  surveillance  tests,  is  to  determine  the  cause  for  this  deviation.  In  many  cases,  there  win  mu™ 

1-  n'  'fe  "I  f"8  t0  theSC  deviation9>  but  there  bo  many  combined  effects  leading  to  diLre- 

nlooln  ?  "  the  observed  and  expected  performance.  To  name  a  few  of  these  effects:  aging  of  the 

propellant,  production  inaccuracies,  deformation  of  the  propellant  grain,  debonding,  and  nozzle  erosion. 

It  the  nozzle  throat  surface  area,  either  due  to  production  inaccuracies,  or  due  to  erosion  deviates  from 

tiona?“i?f.n  It  WiU  fleCt  ‘U"  rOCl^  While  performing  tests  with  a  particular  opera- 

nlodoir?  {il  f  -h*  ROyal  Netherlans  Airforce,  there  was  the  suspicion  that  such  deviations,  caused  by 

production  inaccuracies,  were  present.  It  was  found  that  the  nozzle  throat  diameter  was  somewhat  larger  than 
value‘  T°  fln<?  OUt  whether  the8e  deviations  would  lead  to  the  observed  deviations  in  the  ner- 
1  inearlzi Ih*  n”tor\thls  eff?ct  haa  been  analyzedO).  It  was  found  that  the  problem  could  be  analyzed  by 
aiilk  ,  governing  equations  for  the  internal  ballistics  of  the  rocket  motor.  Hus  allows  for a 

and  Uputerpiogi^s!1  Ut  th6  °f  m°re  a°PhUti<:ated  hardware  and  software,  such  as  electronic  computers 

v«IiaIi^nUIfrfnr0Kr<Un8  *"  T  alWay*  ?vailable-  and  usually,  a  subroutine  or  procedure,  describing  the 
variation  of  the  burning  surface  area  is  not  available  and  has  to  be  written  for  the  specific  rocket  motor 
s  always  time  consuming.  The  present  method  Allows  a  very  quick  estimate  of  the  variation  in  .  1 

o rrnance  and  can  be  made  by  hand  with  the  help  of  an  electronic  pocket  calculator.  Especially  if  it  is  not” 


6-2 


clear  whether  the  observed  deviations  are  caused  by  a  deviation  in  the  nozzle  throat  area,  or  by  other 
effects  the  method  eliminates  a  possible  unnecessary  computer  calculation. 

ROCKET  PERFORMANCE  AND  NOZZLE  THROAT  AREA 

Duri  ig  a  static  test,  one  usually  determines  the  Thrust,  F,  the  Chamber  Pressure,  p  ,  the  Specific 
and  Total  Impulse,  Isp  and  I  ,  and  the  Burning  Time,  t.  .  c 

All  these  parameters  depend  oofe  or  less  on  the  throat  area  A  .  If  the  nozzle  throat  area  deviates  from 
its  nominal  value,  these  performance  parameters  will  also  deviate  from  their  nominal  values.  In  the 
following  we  will  determine  the  effect  of  a  small  deviation,  A',  such  that  A'/A  <<  1 ,  on  these  performance 

parameters.  ... 

The  thrust  of  a  solid  rocketmotor  may  be  written  as'  ’ 


*  pb  r  Sb 


RT  [.  -  (,/p)  Y  ]  ♦  (P  -  P  ) 


where  r  stands  for  the  propellant  burning  rate,  p  is  the  exhaust  pressure,  p  represents  the  chamber 
pressure,  p  the  atmospheric  pressure,  while  A  stands  for  the  nozzle  exhaustcsurf ace  area. The  Malina 
correction  factor,  X,  accounts  for  divergence  losses. 

As  we  will  often  encounter  the  pressure  ratio  Pe/Pc>  we  will  for  brevity  write: 

P  *  Pe/Pc»  with  p  <  I  (2 

(2) 

The  expansion  and  pressure  ratio  are  related  by  De  Saint  Venant's  Equation'  ' : 

1  J  izi 

Ae/At  -  17  tpY  [1  -  p  Y  ]}  (3 


We  will  assume  a  small  deviation  A^  in  the  nozzle  throat  area  A  ,  but  not  in  the  exit  area  A  .  Due  to  this 
deviation  A^  a  deviation  p'  in  the  pressure  ratio  p  will  result.  However,  this  is  composed  of  deviations 


in  both  the  chamber  pressure,  pc>  and  in  the  exit  pressure,  pe: 


Linearization  of  Eq.  (3)  for  these  deviations  yields: 

f  -  £  (5) 

This  equation  relates  the  variation  in  the  pressure  ratio  and  the  variation  in  the  nozzle  throat  area.  Let 
us  now  consider  the  variations  of  the  ballistic  variables,  chamber  pressure,  mass  flow,  thrust,  specific 
impulse,  burning  time  and  total  impulse,  due  to  the  deviation  of  the  throat  area. 

Chamber  Pressure 

The  chamber  pressure  of  a  solid  rocket  motorresults  of  a  balance  between  the  mass  production  at  the 
burning  surface,  S^,  of  the  propellant  and  the  mass  efflux  through  the  nozzle: 


p.S.ap  -  T  p  A  /  V  RT 
b  b  c  rc  t  c 

where  use  is  made  of  a  standard  burning  rate  law: 


Linearizing  Eq.  (6)  for  small  deviations  p^  and  A^: 

Pc/pc  *  "Fn  Ai/At  (7> 

Mass  Flow  .  . 

The  mass  flow  m  is  given  by'  ' 

m  -  r  pc  kj/ST  (8) 

In  the  same  way  as  above,  one  finds  for  the  variation  in  the  mass  flow  due  to  a  deviation  in  the  nozzle 
throat  area: 

(9) 

m  pc  At  1-n  At  1 


The  thrust  of  a  rocket  motor  consists  of  two  parts,  the  impulse  thrust,  : 


F.  •  X  m  V  , 
l  e 


6 -i 


and  the  pressure  thrust  F  : 

P 

F  •  (p  -  p  )  A  . 
p  re  a  e 

For  many  rockets  the  expansion  is  near  to  ideal,  i.e.  p  ■  p  and  the  pressure  thrust  may  be  neglected 
with  respect  to  the  impulse  thrust.  For  some  military  rocket!,  anti-tank  rockets,  small  air-launched 
rockets  etc.,  this  is  not  the  case,  as  the  nozzle  is  kept  short.  In  such  cases  the  pressure  thrust  is  not 
negligible,  though  it  is  smaller  than  the  impulse  thrust.  Hence, 


F  (I  +  F'/F)  -  F.  ♦  FI  ♦  F  +  F' 

i  l  p  p 

Linearizing  this  equation  yields 


00) 


—  *  (—  +  — E)  (i  -  _£) 
F  lF.  F.  U  F. 


F!  F’ 
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where 


F  /F. 
P  i 


Prd--1) 
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Y-l  V 
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Y  , 


Now  F.  is  given  by  the  first  term  at  the  right  hand  side  of  Eq.  (I),  which  yields  after  linearization: 

Y-l 
F! 


F .  "  n  p 
l  rc 


-  n  £’  p  7 


2Y  p  Y-l 

1  -  p  Y 


and  after  substitution  of  the  Eqs  (5)  and  (7)  we  obtain  the  variation  of  the  impulse  thrust: 
Y-l 


F! 
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F. 
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P  Y 
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Y+l 


Y-l 
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For  the  ratio  of  the  variation  of  the  pressure  thrust  to  the  impulse  thrust,  we  find 


F '  A  p '  A  p ' 

P  _  e  re  _  e  e 

F.  X  m  V  p  “ 
l  e 


I 


At  pe 


*  r  n  -  p 

which,  with  the  help  of  the  Eqs  (A),  (5)  and  (7)  may  be  written  as 


Ie-p^l  Jo. -  p  Y )  y  .  i  } 

Fi  A  \  Ill  1-nJ 

I  -Ilin  V 


Y-l 
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(13) 


and  the  deviation  of  the  thrust  is  found  by  adding  the  Eqs  (12)  and  (13)  and  multiplying  the  result  with 
I  -  Fp/pi»  according  to  Eq.  (II). 

Specific  Impulse 


The  specific  impulse  may  be  defined  as 


(2) 


I  *  F/(m  gQ),  which  yields 


/r.P  -  f,^f  - 


(14) 


where  F*/F  is  found  according  to  the  Eqs.  (II),  (12)  and  (13)  and  m*/m  is  given  by  Eq.  (9). 
Burning  Time 


burning  time  of  a  solid  rocket  is  given  by 


Jb  r  dt  -  w. 


where  w  stands  for  the  web  thickness.  If  the  throat  area  deviates  from  its  nominal  value,  the  chamber 
pressure,  and  hence  the  burning  rate,  will  deviate  from  its  nominal  value.  For  this  reason  the  burning 
time  will  differ  from  the  nominal  burning  time.  This  may  be  expressed  as 

J  (r  ♦  r')  dt  -  w 
o 


i 


J 


or  equivaientely 

Vcb  P 


A'  Cb 
n  t. 


Cb+tb  A' 

J  r(l  +  n  ~)  dt  ■  (I  -  -pj—  -j~)  !  r  dt  +  /  r  (I  - -£*)  dt  -  w 

o  to  t  1  n 

b 


Linearization  of  this  equation  yields 

W  (*  "T^>  +^V  <'  --RT^)  ^  or 


7^/{(1  "  ^  r  (tb)} 


n 


where  rCt^)  stands  for  the  burning  rate  at  the  nominal  burning  time  t^ 


Total  Impulse 

The  total  impulse  may  be  determined  in  two  different  ways: 
According  to  its  definition,  we  have 


ItQt  ■  /  F  dt  ,  this  leads  to 


♦ 


(15) 


06) 


Now  this  last  equation  may  not  be  very  accurate.  Therefore  recall  that  if  the  thrust  decreases,  the  burning 
time  increases.  Therefore,  F'/F  and  t^/tfa  will  have  an  opposite  sign,  and  the  total  impulse  is  numerically 
determined  from  the  difference  of  two  numbers  which  are  of  the  same  order,  which  may  be  rather  inaccurate. 
Another  way  of  estimating  I  '/I  circumvents  this  numerical  inaccuracy  more  or  less.  Therefore  recall  that 
the  specific  impulse  may  alsocbe  written  as^*^: 

‘b 

/  F  dt 

j  m  o _  m  tot 

sp  ’  M  e  *  Mu 

"b  8o  0 


this  iranediately  yields 

I  '  I  ' 
tot  m  sp 

I.  _  “  I 
tot  sp 


(17) 


The  equations  (11)  through  (17)  now  inmediately  allow  a  rapid  estimate  of  the  variation  of  the  important 
rocket  parameters  due  to  a  variation  of  the  nozzle  throat  area. 


RESULTS 

The  variations  in  rocket  performance  parameters  now  may  be  calculated  according  to  the  method  out¬ 
lined  in  the  previous  paragraph.  The  variations  in  Thrust,  Specific  Impulse,  Burning  Time,  Mass  Flow 
and  Total  Impulse  have  been  calculated  for  variations  in  the  throat  area  of  -10Z,  -5Z,5Z  and  10Z  for  two 
typical  military  rockets. 

Some  (nominal)  values  of  the  parameters  are  presented  in  Table  4.1  for  these  two  missiles. 

To  check  the  accuracy,  the  results  of  these  linearized  calculations  are  compared  with  the  results  ob¬ 
tained  by  computer  calculations. 

This  computer  program'  '  makes  detailed  calculations  of  the  internal  ballistics  of  the  rocket  motor.  It 
accounts  for  the  specific  variation  in  the  burning  surface,  as  the  shape  and  dimensions  of  the  grain 
are  input  variables  of  the  computer  program.  The  equations,  governing  the  internal  ballistics  are  inte¬ 
grated  with  small  time  steps.  Finally  the  mean  values  for  the  performance  parameters  are  determined  by 
averaging  their  instantaneous  values.  The  results  of  both  calculations  are  presented  in  the  Tables  4.2 
and  4.3,  and  in  the  figures  I  and  2. 

Comparing  the  computer  calculations  with  the  results  of  the  calculations  according  to  the  present 
linearized  approximations,  shows  a  fairly  good  agreement.  The  discrepancies  between  both  calculations  are 
small  and  the  tendencies  are  the  same.  With  a  10Z  variation  in  the  nozzle  throat  area  the  discrepancies 
are  largest  but  quite  acceptable.  The  prediction  in  the  variation  in  the  burning  time  is  fairly  well  in 
agreement  with  the  computer  predictions.  Equation  (15)  shows  that  the  variation  in  burning  time  is  not 
proportional  with  the  variation  in  the  throat  area.  This  is  in  good  agreement  with  the  computer  results, 
though  the  effect  is  over-estimated  by  the  present  linear  approximation.  The  variations  in  F,  I  ,  I 
and  m  are  fairly  well  predicted.  8p  tot 
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Some  Nominal  Values  for  Two 

Typical  Military 

Missiles 

Missiles 

Performance 

A 

B 

Tit  rust  (kN) 

8,504 

3,677 

Specific  Impulse  (s) 

197,8 

198,5 

Total  Impulse  (kN.s) 

17,35 

6,04 

Burning  Time  (s) 

2,04 

1,644 

Mean  Chamber  Pressure  (MPa) 

10,93 

8,43 

Mean  Exit  Pressure  (MPa) 

0,284 

0,384 

Pressure  Ratio,  p  /p 
e  c 

0,026 

0,0456 

Geometric  Properties 

Expansion  Ratio,  A^/A^ 

5,356 

3,67 

Web  thickness  (mm) 

14,6 

18 

Malina  Correction  Factor  X 

0,9896 

0,9945 

Propellant  and  Combustion  Products 

Ratio  of  Specific  Heats,  Y 

1,25 

1,24 

Combustion  Temperature  (K) 

1800 

1950 

Molar  Mass  (g/mol)  ^ 

22,7 

23,25 

Density  of  Propellant  kg/m 

1550 

1550 

Burning  Rate  Exponent,  n 

0,68 

-0,195 

Burning  Rate  Near  Extinction  (mm/s) 

6,98 

10,48 

Table  4.2  Results  of  the  Present  Theory  in  Comparison  with  Results  of  Detailed  Computer  Calculations 

for  Missile  A 


V\ 

-0 

,1 

-0 

05 

+0 

,05 

♦0,1 

present 

theory 

computer 

results 

present 

theory 

computer 

results 

present 

theory 

computer 

results 

present 

theory 

computer 

results 

F'/F 

0,229 

0,270 

0,115 

0,124 

-0,1 15 

-0,105 

-0,229 

-0,196 

Wsp 

0,0168 

0,0153 

0,0084 

0,0077 

-0,0084 

-0,0077 

-0,0168 

-0,0155 

Cb  (s) 

-0,367 

-0,409 

-0,201 

-0,211 

0,249 

0,223 

0,564 

0,458 

m'  /m 

0,213 

0,251 

0,106 

0,115 

-0,106 

-0,099 

-0,213 

-0,184 

‘to^tot 

0,0168 

0,0153 

0,0084 

0,0077 

-0,0084 

-0,0077 

-0,0168 

-0,0154 

Present 

Theory 

_ Computer 

Calculations 

•v  mVm 

^0*lsp^sp^:^^ 

-0.5 

0.25 

A*t/At— ► 

-0.1  -0,05 

^^0C5  0.1 

- 

-0.25 

-0.5 

Figure  1 :  Comparison  ot  Results  of  Present  Linearized  Theory  and  Computer 
Calculations  .  tor  Missile  A. 
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Table  4.3 

Result*  of  the  Preaent  Theory  in  Comparison  With  Regults  of  Detailed  Computer 
Calculations  for  Missile  B 


At/At 

-0 

1 

-0,05 

0,05 

0,1 

present 

computer 

present 

computer 

present 

computer 

present 

computer 

theory 

results 

theory 

results 

theory 

results 

theory 

results 

F’/F 

-0,0075 

-0,0065 

-0,0037 

-0,0033 

0,0037 

0,0027 

0,0075 

0,0052 

I  'll 
sp  sp 

0,0088 

0,0107 

0,0044 

0,0033 

-0,0044 

-0,0051 

-0,0088 

-0,0101 

*  <•> 

0,028 

0,029 

0,014 

0,014 

-0,014 

-0,013 

-0,028 

-0,025 

m'/m 

-0,0163 

-0,0170 

-0,0082 

-0,0079 

0,0082 

0,0079 

0,0163 

0,0159 

^oi^tot 

0,0088 

0,0108 

0,0044 

0,0053 

-0,0044 

-0,0051 

-0,0088 

-0,0101 

Figure  2 :  Comparison  of  Results  of  Present  Linearized  Theory  and  Computer 
Calculations  ,  for  Missile  6  . 


CONCLUSIONS 

Hie  prevent  method  allow*  for  *  rapid  determination  of  the  variation  of  the  performance  of  aolid 
rocket  motor*,  *uch  a*  u»ed  in  operational  miaaile*,  due  to  a  deviation  in  the  nozzle  throat  area.  If  thi* 
deviation  i*  solely  due  to  production  inaccuracies,  the  present  method  gives  results  which  are  isBcdiately 
applicable.  If  the  deviation  is  caused  by  erosion,  one  should  average  out  the  erosion  effect;  one  could 
for  exastple  assume  a  gradual  increase  in  the  nozzle  throat  diameter,  and  estimate  a  variation  in  the  per¬ 
formance,  based  on  a  mean  throat  diameter. 

The  method  is  based  on  a  linearization  of  the  ballistic  equations  for  the  motor.  The  results  or  this 
calculation  are  in  good  agreement  with  a  much  more  detailed  computer  analysis.  A  big  advantage  is  that 
estimates  based  on  this  method  may  be  made  quickly  with  a  small  calculator. 

REFERENCES 

1.  H.F.R.  Schoyer,  Report  for  the  Prins  Naurits  Laboratory,  Rijswijk,  The  Influence  of  a  Change  in  the 
Throat  Surface  Area  on  the  Performance  of  Solid  Propellant  Rocket  Motors  (in  IXitch),  1978,  TRHS-J. 

2.  J.N.  Comelisse,  H.F.R.  Schoyer  and  K.F.  Wakker,  Rocket  Propulsion  and  Spaceflight  Dynamics,  London/ 

San  Francisco,  1979,  Chapters  5  and  9. 

3.  F.  Bebelaar  and  H.F.R.  Schoyer,  Delft  University  of  Technology,  Dept,  of  Aerospace  Engineering,  A  Simple 
Computer  Program  for  the  Calculation  of  Stationary  Rocket  Performances  and  Internal  Ballistics  of  Solid 
Propellant  Rocket  Motors,  RAPID,  (in  Dutch),  1977,  Memorandum  M-285. 


INTEh'N«L  BALLISTIC  i’KOBLEKS  OK  HIGHLY 
aGCELEKATEI)  Jail)  PROPELLANT  KUCKETO 

by 


Walter  Helmut  Dteslngor 
Dynamlt  Nobel  all ,  Eo-KG 
Waltherst rasse  bO 
U-5000  Ko In  BO 
Germany 


QUKfuVKt 

otaiulard  internal  ballist  ics  of  solid  propellant  rockets  need  an  appropriate  envi¬ 
ronment  defined  by  limited  rotation,  external  acceleration  and  thrust  levels. 

Kemarkable  deviation  from  these  constraints  cause  severe  modifications  of  the  well 
known  internal  ballistics  of  solid  propellant  rockets. 

The  author  describes  some  phenomena  and  problems  of  internal  ballistics  in  a  highly 
accelerated  environment  and  shows  how  the  engineer  should  overcome  them  for  optimum 
design. 
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area  of  propellant  burnlnp;  surface  (m*) 

p 

reference  area  Cm4') 

2 

nozzle  throat  area  Cm  ) 

thrust  chamber  stagnation  speed  of  sound  of  exhaust  gases  (m/a) 

p 

radial  acceleration  (m/a  ) 
axial  acceleration  (m/s‘~) 
characteristic  exhaust  velocity  (m/s) 
nozzle  thrust  coefficient  (-) 
thrust,  average  thrust  (N) 
delivered  specific  Impulse  (m/s) 

ratio  of  burning  surface  area  a^  to  nozzle  throat,  area  A^  (-) 
mass  (kg) 

propellant  mass  flow  rate  (kg/s) 
thrust  chamber  stagnation  pressure  (Ml's) 
burning  rate  (m/s)  or  radius  (m) 
nozzle  throat  radius  (m) 

inner  radius  of  combustion  chamber  wall  (m ) 
burning  rate  for  ax  -  t  g  (m/s) 

thrust,  chamber  stagnation  temperature  of  exhaust  gases  (K) 

action  time  (a) 

mean  residence  time  (a) 

thrust  chamber  free  volume  (m  ) 

thrust  chamber  total  volume  (m  ) 

volumetric  loading  fraction  (-),  V.  V ,/V,  .  , 

i  i  p  (  ,101 

initial  propellant,  volume  (m  ) 
web  thickness  (m) 

nozzle  contraction  ratio  (-),  r.  .  (r  /r.  )*" 

W  V  ^ 

thrust  chamber  stagnation  mass  density  of  exhaust  gases  (kg/m  ) 
propellant  maas  density  (kg/m') 
tensile  stress  (Pa) 
angular  velocity  (rad/s) 
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1 .  INTRODUCTION 

In  solid  propellant  rocketry  the  internal  ballistic  characteristics  are  strongly 
influenced  by  the  propellant  parameters.  These  are  defined  by  specific  impulse,  burn¬ 
ing  rate,  mass  density,  tensile  strength,  composition  of  the  exhaust  products.  They  are 
mainly  sensitive  to  temperature,  pressure  and  acceleration. 

In  this  paper  some  information  upon  the  state-of-the-art  in  the  field  of  internal 
ballistics  in  a  much  more  than  1  g  acceleration  environment  is  given.  Furthermore  it 
is  shown  how  problems  arising  with  high  acceleration  may  be  solved. 

2.  ACCELERATION  LEVEL  AND  STANDARD  INTERNAL  BALLISTICS 


Before  reviewing  some  problems  of  Internal  ballistics  caused  by  high  acceleration 
I  should  define  the  conditions  for  standard  internal  ballistics  which  are  prevailing 
in  most  solid  fuel  rockets. 

These  rockets  have  the  following  characteristics: 

1)  The  periods  of  ignition  delay  as  well  as  pressure  rise  and  drop  in  the  thrust  cham¬ 
ber  are  short  compared  to  burn,  web  or  action  time. 

ii)  In  the  caliber  range  of  .1  through  .5  m  the  maximum  axial  acceleration  level  when 
using  radial  burner  grains  does  not  exceed  a  =  1000  m/s  ,  since  the  thrust  per 
cross  section  area  is  limited  to  about  F/A  }.7  MPa.  This  level  declines  with 
larger  calibers,  mainly  because  of  mechanical  similarity  rules  and  the  limited 
burning  rates  of  current  solid  propellants. 

iii)  The  rocket  does  not  rotate  about  its  longitudinal  axis  or  rotation  is  only  induced 
to  balance  thrust  vector  deviations.  In  this  case  the  angular  velocity  is  limited 
to  about  u)  *  100  rad/s  at  the  end  of  the  burning  time. 

iv)  Additional  environmental  conditions  for  the  grain  are  fulfilled  such  as  limited 
temperature  range,  radiation  and  vibration  level  or  moisture  content. 

This  environment  usually  admits  standard  internal  ballistics  and  allows  to  assume 

i)  near  stationary  internal  ballistic  data  during  most  of  the  action  time, 

ii)  negligible  influence  of  acceleration  and  rotation  on  propellant  and  nozzle  proper¬ 
ties  , 

ill)  sufficient  strength  of  the  solid  propellant  to  withstand  dynamic  loads, 

iv)  tolerable  additional  environmental  conditions. 

Deviations  from  these  constraints  need  an  appropriate  design  to  overcome  the  aris¬ 
ing  problems. 

It  is  evident  that  the  margins  of  standard  ballistics  cannot  be  defined  clearly, 
since  they  are  influenced  by  a  set  of  design  parameters  such  as  size,  shape  of  the  grain, 
type  and  ingredients  of  the  propellant. 

}.  ACCELERATION  aENSITIVm  OF  SOLID  PROPELLANTS 


The  phenomena  appearing  when  solid  propellants  are  burning  in  an  acceleration  field 
are  well  known  (refs.  1  through  4)  and  need  not  to  be  described  in  detail.  F’or  design 
considerations  it  is  important  to  remind  that  doublabase  solid  propellants  are  less  sen¬ 
sitive  to  acceleration  than  composite-doublebase  or  composite  propellants,  since  mass 
densities  of  propellant  and  exhaust  gases  are  homogeneous. 

Soiid  propellants  under  acceleration  show  enhanced  burning  rate.  This  effect  is  intensi¬ 
fied  by  metal  additives.  The  increase  of  burning  rate  is  attributed  to  molten  metal  or 
metal  oxide  particles.  They  are  retained  against  the  grnin  surface  by  the  acceleration 
vector  and  cause  a  higher  heat  transfer  into  the  propellant.  They  may  even  dip  into  the 
grain  and  increase  the  effective  burning  rate  still  more  by  building  local  conical  burn¬ 
ing  surfaces. 

This  model  explains,  why 

-  slow  burning  propellants  show  greater  acceleration  sensitivity  than  fast  burning  pro¬ 
pellants, 

-  the  acceleration  dependence  is  Intensified  when  portion  and  particle  size  of  metal 
additives  are  Increased, 

-  the  burning  rate  sensitivity  is  a  maximum  when  the  acceleration  vector  la  perpendicu¬ 
lar  to  the  burning  surface. 

Fig.  1  shows  the  effects  of  acceleration  direction  and  particle  size  on  burning  rate 
for  a  16  %  aluminium  PBAA  composite  propellant. 


The  major  observations  fro*  than*  figures  arai 

1)  The  burning  rata  augmentation  la  almost  nagllglble  at  orlantatlon  angles  of  tha 
acceleration  vactor  leas  than  with  respect  to  tha  propellant  surface. 

ll)  A  propallaat  with  tha  aaallar  aluminium  partlola  else  haa  laaa  burning  rata  aug- 
aantat Ion  than  others.  This  la  alao  trua  for  othar  partlclaa.  In  general  tha  oxl- 
dWer  (AP). 

Thaaa  raaulta  ahow  that  atandard  Intarnal  ball  1  at  Ira  la  vary  ltttla  Influanoad  by 
aalf  propallad  axial  aocalaratlon  baoauaa  of  tha  llnltad  throat  factor  F/A  and  tha 
orlantatlon  of  tha  acceleration  vac tor. 

Froblema  may  arlaa  aven  with  alowly  spinning  atandard  Intarnal  burner  grains  at 
tha  and  of  tha  burning  time  baoauaa  tha  radial  accalaratlon  la  •  r.u>‘ )  turna  tha  total 
accalaratlon  vactor  to  higher  orlantatlon  angles.  llowavar,  rotation  taut  a  without  axial 
accalaratlon  oftan  overestimate  tha  affact  of  apln  alnca  tha  ortantatton  of  tha  accal¬ 
aratlon  vactor  la  not  oorractly  simulated. 

4.  tiHoh'T  AGTU'N-THlii  KUOKKTti 

Aa  can  ba  darlvad  from  fig.  I  tha  axial  accalaratlon  laval  may  alao  create  an  In¬ 
ternal  balllatlc  problem,  whan  threat  to  croaa  sect  ton  area  levels  of  largely  more  than 
I’/  A  ,  •  4 .  MPa  muat  ba  verified  Irecollleae  weapona,  rauaabla  boosters  and  othar  appli¬ 
cations).  Gretna  daatgnad  for  thla  apeclal  type  of  rockets  should  have  burning  surfaces 
A.  parallel  to  the  acceleration  vector  If  composite  or  compos tta-doublabase  propellants 
aba  used. 


£v)u.  1  llluati'ataa  that  high  values  of  F/A  can  only  be  achieved  by  an  appropriate 
grain  design  because  tha  performances  of  propellant  and  nostla  are  limited. 


thrust  factor  grain  design  propellant  performance  noasle  performance 


A  large  burning  surface  area  A.  compared  to  the  reference  area  A  ^e.  g.  cross  sec¬ 
tion)  or  the  total  chamber  volume  Vj/  .  .  will  result  In  a  short  action  time  t  and  need 
a  small  web  thickness  w.  «  t- 

by  using  a  cluster  of  Internal/external  burning  tubes  or  perforated  grains  the  thrust 
factor  may  be  pushed  up  to  K/A  *  fct*.  MPa.  Grains  of  these  types  are  rather  simple,  but 
total  Impulse,  thrust  trace  anfi  burning  time  are  not  enough  reproducible  for  many  appli¬ 
cations.  Variations  of  these  data  are  due  lo  crashes  of  tiie  tubes  or  silvers  towards  t  tie 
end  of  the  burning  time,  when  the  wall  thicknesses  cannot  any  more  withstand  the  dynamic 
loads.  Therefore,  to  get  better  reproducibility  the  propellant  must  be  supported. 

Klg.  t  shows  grain  designs  it-efa.  b  through  9)  for  high  thrust  short  action  time 
rockets  or  gas  generators  (ref.  ,’s  P  -  «?1‘>  kN,  t  J4*.  maj  ref.  9t  P  -  luo  kN,  t  ms 

ref.  8:  P  •  «?ttO  kN,  t  **  ^  ms).  They  are  characterised  by  small  valuas  of  web  thickness  w 
and  volumetric  loading  fraction  V.,  whereas  the  free  volume  V,  of  the  combustion  chamber 
Is  large.  These  are  the  reasons  fir  Internal  ballistic  problems; 

1)  The  average  residence  time  of  the  exhaust  products  Is  short  because  T  '  V  /A..  Nits 
Is  another  reason  to  select  a  propellant  which  doss  not  deliver  two-phase  exhaust 
products  (specific  Impulse  efficiency,  ref.  10). 

11)  The  action  ttme  t  ts  not  long  compared  to  the  time  Intervals  of  Ignition  delay,  pres 
sure  rise  and  drop  In  the  thrust  chamber.  Therefore,  the  igniter  should  be  power f u 1 
and  carefully  designed  to  ensure  Instantaneous  Ignition  of  the  whole  grain  surface. 
Thus  the  Igniter  charge  mass  flow  may  consldsrably  Influence  the  thrust  and  pressure 

traces. 

Ill)  The  powerful  Igniter  and  the  transient  character  of  the  action  time  will  result  In 
pressure  and  velocity  Inhomogeultles  in  the  thrust  chamber.  Therefore,  ricw  areas 
should  be  larger  than  usual,  to  prevent  casual  eivaive  burning.  Moreover,  t he  sup¬ 
porting  structure  should  have  holes  to  balance  pressure  deviations. 

Klg.  3  shows  a  short  action  time  solid  propellant  rocket  with  three  foil  grains  and 
three  toroidal  Ignltara.  These  are  fitted  with  apray  heads  blowing  the  Ignition  gases 
between  the  foil  spaoee  to  garantee  uniform  and  Instant aneoue  Ignition. 

Tha  laTt  aide  of  fig.  **  shown  a  foil  grain  with  radial  holes.  Propellant  sheets  are 
bonded  on  bot>  sides  of  a  supporting  steel  mesh  by  means  of  ethyl  cellulose.  The  grain 
la  fixed  In  a  resin  mounting.  After  burn  out  tha  support  remains  as  shown  on  the  right 
aid#  of  thla  figure. 

All  abort  action  time  grains  preaented  make  ua#  of  conventional  propellants  and 
foiling  processes.  An  additional  Increase  of  tha  thruet  to  croaa  area  factor  la  feasible 


with  porous  grains  or  fast  burning  rates  in  thin  propellant  1'ilms.  by  these  means  the 
thrust  factor  may  be  pushed  up  into  the  order  of  magnitude  of  t/A  -  4i>.  fil'a.  More  can 
only  be  achieved  by  high  pressure  gases  within  barrels. 

%  KuUKET  ASJUiT&U  KIN  oTAFl  1,1  ..El>  tillKLUi 

The  base  pressure  upon  shells  within  the  barrel  is  equivalent  to  the  thrust  factor 
defined  before.  This  pressure  is  up  to  about  E/A  ■  VO.  Mia  for  small  recoilless  arms 
(Davis  gun)  and  K/A  -  bOO.  MPa  for  shells.  Oolia  propellant  rockets  applied  to  these 
sheila  serve  as  sustalnera  to  increase  the  range  or  to  accomplish  special  ballistic  data 
In  fin  stabilised  shells  they  are  stressed  in  two  different  phases.  Ttie  first  one  is 

characterized  by  extreme  axial  acceleration  (oOOO  g  up  to  t>0000  g).  In  general  the  ig¬ 

nition  of  the  grain  is  at  least  initiated  during  this  phase.  In  the  second  phase  the 
rocket  is  in  action  and  in  a  standard  ballistic  environment .  Therefore,  the  internal 
ballistic  characteristics  and  problems  are  primarily  created  by  the  design  needs  of 
phase  1 . 

The  grain  is  the  moat  critical  part  of  the  rocket  since  the  acceleration  induced 
compressive  stresses  may  attain  10  to  100  times  the  ultimate  strength  even  compared  to 
Increased  values  observed  with  short  time  stresses  in  viscoelastic  media. 

Simply  shaped  radial  burner  grains  or  supported  configurations  as  mentioned  above 
may  endure  short  time  maximum  acceleration  levels  from  about  6000  g  to  1 bOOO  g  if  they 

are  small,  since  bendung  moments  and  stresses  are  largely  dependent  upon  the  size  of 

the  grain,  of  course.  At  still  higher  acceleration  levels  the  grain  should  be  conceived 
to  be  a  slurry  or  a  fluid  and  supported  accordingly. 

Usually  the  ignition  of  the  grain  is  done  by  the  barrel  gases.  Ulnce  the  design 
pressure  levels  of  barrel  and  rocket  are  largely  different  a  nozzle  closure  with  s 
properly  dimensioned  chocking  orifice  should  be  used  to  prevent  unduly  high  pressure 
in  the  thiust  chamber  as  well  as  an  Imperfect  or  uneven  ignition.  The  latter  Is  impor¬ 
tant  to  prevent  lateral  center  of  gravity  deviations  which  may  influence  the  external 
ballistic  properties  of  the  shell. 

The  shell  must  withstand  the  dynamic  loads  as  a  result  of  the  extreme  axial  accel¬ 
eration  level  and,  consequently.  Is  largely  overdimensioned  during  the  second  phase. 
Thus  the  rocket  may  be  run  at  high  chamber  pressure  p,  with  the  potential  of  high  burn¬ 
ing  rate  r  and  delivered  specific  Impulse  1  ..  Moreover,  the  shell  is  a  heat  sink  snd 

thermal  problems  may  not  be  expected.  On  thf^other  aide,  heat  transfer  and  the  poor 
efficiency  of  small  nozzles  cause  specific  imoulse  losses  which  may  even  overcompensate 
the  advantage  of  a  high  chamber  pressure  p,.  Theoretical  predictions  of  the  thrust  and 
pressure  traces  based  only  on  the  propellant  data  are  largely  modified  in  practice  by 
these  influences. 

Klg.  *>,  left  aide,  ahows  a  hydrodynamical ly  supported  grain  for  extreme  axial  accel 
eratlon  as  depicted  before.  The  Inverse  front  burner  grain  is  only  submitted  to  com¬ 
pressive  stress. 

When  combined  extreme  axial/radial  acceleration  of  more  than  about  20000  g  acts 
upon  the  grain  s  conical  surface  muat  be  designed  to  compensate  for  the  centrifugal 
forces  (right  side  of  fig.  5).  The  spin  induced  radial  acceleration  is  not  confined  to 
the  short  axial  acceleration  phase  but  continues  during  the  whole  flight  time  of  the 
shell.  In  the  axial  acceleration  range  up  to  about  20000  g  internal  tube  burner  grains 
are  the  best  choice  if  they  are  designed  to  withstand  the  barrel  phase  (ref.  12).  Since 
the  radial  acceleration  field  la  prevailing  during  the  free  flight  the  internal  tube 
burner  grain  ia  also  hydrodynamical ly  supported  in  this  phase. 

Stress  problems  of  the  internal  tuba  burner  grain  in  the  barrel  may  be  removed  by 
filling  the  initial  thrust  chamber  free  volume  V  with  a  liquid  having  the  aame  mass 
density  as  the  propellant.  This  la  rather  complicated  and  creates  new  problems  ishelf 
life,  sealing,  ignition). 

t>.  SWIKUNO  YUM  AMI)  NO^LS  FEHKORMAWOE 

It  i 8  well  known  (refs.  14  through  1?)  that  the  performance  of  a  spinning  solid 
propellant  rocket,  differs  significantly  from  the  performance  of  the  aame  motor  under 
static  conditions.  1  shall  first  glva  a  short  description  of  the  aptn  effecte  which 
cause  the  internal  ballistic  problems  to  be  solved.  The  spin  effects  can  be  separated 
Into  two  categories, 

i)  the  effects  of  acceleration  on  the  combustion  procasa  which  have  been  discussed 
already, 

11)  tha  affacta  of  tha  rotating  flow  on  the  chamber  and  nozzle  flowflelda. 

Early  Investigations  of  rotating  flows  in  nozales  have  been  limited  primarily  to 
two  types  of  velocity  distribution  In  the  swirling  flowi 

1)  The  free,  lrrotatlonal  or  potential  vortex  defined  by  a  tangential  velocity  de¬ 
creasing  Inversely  with  tha  radial  distance  from  the  axis  of  rotation.  Thla  vortex 
pattern  had  bean  attributed  to  internal  burner  grains. 

li)  Tha  forced  or  solid  body  vortex  has  a  tangential  velocity  increasing  with  the  radial 
distance.  Thla  vortex  is  more  likely  for  end  burning  grains. 
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In  a  real  nozzle  flow,  a  Rankine  combined  vortex,  i.  e.  a  forced  vortex  core  with 
an  outer  free  vortex,  can  be  assumed  because  of  viscous  flow  effects. 

Theoretical  investigations  predict  and  testa  have  verified  that  the  mass  flow  m 
through  a  nozzle  is  reduced  by  vorticity  when  the  thrust  chamber  stagnation  pressure  p 
remains  constant.  A  common  solid  propellant  with  a  positiv  pressure  exponent  conse¬ 
quently  burns  at  a  higher  chamber  pressure  p  and  a  shorter  action  time  t  .  A  free  vor¬ 
tex  has  a  greater  influence  on  nozzle  choking  than  a  forced  vortex.  This  "means,  that 
internal  ballistic  problems  arising  with  swirling  flow  may  be  reduced  by  stimulating 
the  formation  of  the  solid  core  within  the  Rankine  combined  vortex. 

Due  to  the  inhomogenities  of  the  flow,  pressure,  acceleration  and  stress  fields 
the  burning  rate  r  of  the  grain  is  dependent  on  the  radial  distance  from  the  axis  of 
rotation. 

Tests  have  shown  (refs.  16  and  18)  that  motors  incorporating  end  burning  or  radial 
burning  grains  are  subjected  to  severe  centerline  coning  of  the  propellant  surface  or 
the  structure  of  the  forward  closure,  respectively,  when  the  spin  rate  exceeds  a  crit¬ 
ical  value.  May  be  that  the  rotating  solid  body  core  of  the  Rankine  combined  vortex 
acts  like  a  thermal  drill. 

Fig.  6,  left  side,  shows  the  path  of  a  gas  particle  Am  from  the  point  of  formation 
to  the  nozzle  throat.  The  conservation  of  the  angular  momentum  causes  the  special  spiral 
pattern  of  the  path. 

The  increase  of  the  angular  velocity  w  inversely  with  the  square  of  the  radial 
distance  from  the  axis  of  rotation  is  only  valid  for  inviscid  flows,  of  course. 

The  chart  in  fig.  6  shows  results  from  tests  (ref.  15)  for  two  nozzle  contraction 
ratios  e .  If  the  stagnation  pressure  p  and  the  speed  of  sound  a  of  the  gases  as  well 
as  the  chamber  wall  radius  r  are  assufied  to  be  constant  the  diagram  shows  the  propel¬ 
lant  mass  flow  rate  m  through  the  nozzle  as  a  function  of  the  angular  velocity  ui.  It 
is  obvious  that  nozzle  choking  is  more  pronounced  for  a  nozzle  contraction  ratio  of 
e  *  21 5  than  for  e  *  77.^.  This  applies  only  for  moderate  angular  velocities  uj.  For 
higher  values  choking  is  less  pronounced  fore  *  21 5  than  for  £  =  77.^.  This  can  be 

attributed  to  the  more  intensive  sheer  flow  for  e  =  21  5  and  thus  a  larger  radius  of 
the  solid  body  rotation  core. 

7.  ROCKFT  ASSISTED  SPIN  STABILIZED  SHELLS 

Solid  propellant  rockets  applied  to  spin  stabilized  shells  are  stressed  by  the 
spin  in  addition  to  the  environment  of  fin  stabilized  shells.  Unfortunately,  the  hydro- 
dynamic  support  described  before  is  not  consistent  for  the  transmission  of  angular  mo¬ 
mentum  from  the  shell  to  the  grain.  It  should  be  proved  in  any  special  case  whether  the 
arising  sheer  stresses  will  be  tolerable.  If  not,  additional  radial  supports  are  needed. 

Phase  2  is  characterized  by  stationary  radial  loads  because  of  rotation  and  nozzle 
choking.  The  propellant  should  not  deliver  two  phase  exhaust  products  to  avoid  addition¬ 
al  burning  rate  augmentation.  Moreover,  sedimentation  of  solid  particles  may  increase 
heat  transfer  and  burn  out  mass. 

Swirling  flow  may  create  local  erosive  burning  and  a  high  heat  transfer  rate  near 
the  axis  of  rotation.  The  effective  nozzle  throat  is  reduced  and  the  specific  impulse 
efficiency  will  be  comparatively  small.  Transfer  of  angular  momentum  from  the  gas  to  the 
shell  will  ease  the  problems  of  spin  induced  nozzle  choking  but  may  effect  flight  dynam¬ 
ics.  Because  of  these  rather  complicated  internal  ballistic  phenomena  the  design  for  and 
the  prediction  of  specified  pressure  and  thrust  traces  is  limited  (e.  g.  ref.  19). 

Fig.  7  (ref.  13)  represents  the  design  of  a  range  limited,  spin  stabilized  training 
projectile  (caliber  105  mm),  which  is  lighter  than  the  live  subcaliber  ammunition.  The 
solid  propellant  thruster  has  to  compensate  for  the  increased  influence  of  the  aerody¬ 
namic  drag  thus  ensuring  the  ballistic  data  of  the  live  ammunition  in  the  training  range. 

The  training  projectile  consists  of  the  forward  cone,  the  solid  propellant  rocket 
forward  closure,  case,  grain,  blast  tube  and  nozzle.  The  sabbot  at  the  rear  part  of  the 
figure  has  a  central  choking  orifice  for  the  barrel  gases  to  ignite  the  grain.  The  cross- 
shaped  coupling  between  shell  and  sabbot  is  needed  to  spin  up  the  projectile. 
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1  Acceleration  influence  on  an  aluminized  composite  propellant 


Fig.  2  Supported  grains  for  high  thrust  and  short  action  time 


Fig.  J  Short  action  time  solid  propellant  rocket  with  three  supported  foil 
grains  and  three  igniters 


Fig.  4  Foil  grain  with  holes  to  balance  pressure  deviations 


1  Forward  closure 

2  Propellant  gram 

3  Initial  burning  surface 
L.  Inhibitor 


5.  Blast  tube 
6  Supporting  shell  (case) 
7.  Nozzle 


Fig.  5  Hydrodynamically  supported  grains  for  extreme  acceleration  (ref.  1 5) 
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1  Gas  particle  Am  emerging  from  the 
burning  surface 

2  Path  of  Am 

3  Nozzle  throat 

4  Case 


Fig.  6  Generation  and  effects  of  a  swirling  flow  in  a  rotating  thrust  chamber 


Fig.  7  Range  limited,  spin  stabilized  training  projectile 


DISCUSSION 


M.Barrere,  ONKRA,  Fr 

Did  you  consider  the  case  of  aluminised  propellant?  In  particular  did  you  consider  the  losses  due  to  the  presence  of 
aluminium  oxide  particles  in  the  gas  phase?  For  example  the  particle  size  increase  with  rotation,  the  velocity  lag  of 
the  particles  and  the  general  rotating  effect  in  a  two  phase  flow  are  noteworthy. 

Author’s  Reply 

We  did  not  consider  an  aluminium  loaded  propellant  but  confined  ourselves  to  an  ammonium  perchlorate  filled 
double  base  propellant  in  order  to  avoid  problems  you  have  pointed  out. 
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an  t  i  -  suhmar  imp  tinning  rocket  **e  r\  e  .»s  examp  l  es  o  t  the  e  1  e,  t  r  i  v  md  imi  r  rn a l  t*a  l  I  i  ^  (  i .  •• 
ti.it  .1  ot  i  gni  t  pi  h  . 

Spec  i  \\  .it  tent  ion  will  hr  paid  to  t  he  corre  spend  i  iw  satetv  it»jiu  irnu  hi  >* .  I  In  me.  haul*  i  l 
.uul  r  l  «>i  I  ros  I  a I  i  c  safety  i  *  covered  in  Conner  I  »  on  with  t  hr  general  rn\  i  i  onmrnl  a 1 
romp. » t  i  h  i  l  i  t  v  . 

in  conclusion,  there  is  a  report  on  some  l  Mr  tests  ot  igniter*. 

I .  lNVMOPUf 1  ION 

rhi  m  presentation  describes  t  In'  development  problems  with  igniters  ot  solid  propel l  ini  « 
us  i  ix  vi  the  I  i  ght  Artillery  Itocket  uul  Ant  i  -  Submarl  nr  Ir.nmiw  Itocket  is  examples. 

The  l  i  ght  Artillery  Itocket  -  herd  natter  referred  to  as  I  Ml  i  s  used  in  the  "lid  si 
rocket  launcher"  weapon  system  •  a  development  by  the  t-edoral  Itepuhli,  ot  det'mauv  .  I  hi** 
weapon  system  is  capable  ot  launching  various  rockets  to  engage  ir«  i  t  irgets. 

the  design  ot  the  rocket  motor  is  shown  ill  Fig.  1.  It  does  not  show  ill  details*  hut 
only  th«'  major  items  which  are  ot  interest  in  this  conne,  t  ion. 

The  motor  casing  til  is  made  ot  g  l  ass  -  t  i  hre  -  re  »  nt  or*  ed  plastt*  .  The  propelling  charge  i  I 
is  a  double-base  solid  propellant  and  structured  as  i  star  con!  iy(ur  »l  ion  proprtlant.  The 
solid  propellant  is  retained  hv  means  ot  a  spring  t  d  t  .  Hie  igniter  i -4  t  is  lo*  ilr«t  in  the 
t'ront  section  ot  the  rocket  motor  opposite  the  no??lc  side. 

the  Ant  i -Suhmar  l  ne  Training  Itooket  -  hereinafter  abhrov i  ited  as  \  *%  V  it  is  used  to  repre 
sent  the  "drrs  mm  Anti-Submarine  Itocket",  winch  is  in  the  inventory  ot  the*  Merman  Na\  \  . 

The  AS  Hi  training  rocket  ,  like  t  lie  oper.it  tonal  rocket  .  must  he  .upuhle  ot  being  tired  it 

two  different  range* «  e.  g.  lO.'O  m  and  1660  m,  and  leave  i  colon*  mirk  in  the  w  it  *  i  ot 

t  he  t  arget  area . 

Fig.  shows  t  lie  design  of  t  tie  rocket  motor  in  its  essential  component  s .  I  ho  complete 

rocket  motor  is  composed  ot  an  outer  mot  or,  main  mot  or  il'  tnd  innet  motoi  ,  the  aiiMliarv 
motor  iJl.  The  combustion  chambers  are  tonned  h\  two  coiU’ent  rhnl  l\  in  ingod  met  il  tubes. 
The  propelling  charge  tdl  ot  the  main  motor  consists  ot  a  tubular  toil -type  propellant. 
The  propelling  charge  t4l  ot  the  auxiliary  motor  is  designed  as  »  star  conf t gurat ton 
propellant,  both  propelling  charges  consist  ot  double  based  solid  propellant. 

for  the  short  range,  the  rocket  is  propelled  only  hv  the  main  motor  ind  I  or  the  long 

range  hv  both  motors .  Accordingly ,  each  motor  is  ignited  hv  a  separate  igniter. 

The  two  identical  igniters  i  !>  l  are  located  in  line  ilong  t  he  >\i«  ot  the  ro,  ket  mot  ot 
front  section  opposite  t  tic*  nozzle  side.  The  flash  ot  the  t  ront  igniter  foi  t  lie  main 
motor  passes  through  oblique  port s  (6)  and  into  t  lie  outei  annul  n  combustion  chamber. 
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The  development  ot  igniters  is  still  an  empirical  matter.  In  spite  ot  the  ditterent  re 
quirements,  there  are,  however,  some  fundamental  principles  which  must  be  t  iken  into 
consiiter.it  ion  when  defining  propellant  igniters. 

for  ignition,  the  temperature  of  the  propellant  mil  l  u  o  must  be  increased  above  the 
spoilt  atieous  ignition  temperature.  This  heating  is  accomplished  hv  means  ot  beat  transtei 
through  convection,  by  radiation  and  impact  ot  the  hot  particles  onto  t he  surface, 

Pur'ing  Ignition  time,  the  combustion  chamber  pressure  must  be  increased  beyond  the 
minimum  pressure  necessary  for  stable  burning. 

Furthermore,  the  time  sequence  must  be  taken  into  con*  itier.it  ion.  A  certain  period  ot 
time  is  required  lor  ignition,  during  which  the  outer  heating  must  he  continued  because 
heat  transfer  will  otherwise  remove  more  heat  t rom  t  tie  propellant  surface  than  is 
supplied  by  exothermic  reaction*. 

for  optimum  ignition,  t  tie  proper  interaction  ot  "temperature"  and  "pressure"  as  well  as 
t  tie  time  sequence  are  of  s  t  gn  i  f  I  canoe  . 

Fig.  a  illustrates  t  tie  condition*  ot  t  tie  ignition  process  by  means  ot  t  tie  combustion 
chamber  gas  pressure  which  is  plotted  as  a  function  ot  time. 

In  Fig.  da.  the  gas  pressure  is  sufficiently  high,  hut  t  tie  effective  period  too  short. 
Fig.  .tc  shows  t  tie  opposite  situation  with  sufficiently  long  effect  ive  period  but  in*uf 


flcient  gas  prenmirf . 

1  n  curves  1  •  J  ami  d  of  fig.  Jb ,  the  elTectlve  periods  arc*  long  enough  and  t  lie  gat* 
pressure  is  high  enough  such  that  t  lie  propellant  ran  be  ignited. 

The  sol  lit  lines  more  or  less  indicate  the  gas  pressure  generated  by  the  igniter  alone, 
while  the  dotted  lines  represent  t he  overall  gas  pressure  ineluding  the  portions  applied 
by  the  propelling  charge. 

In  curve  1,  the  ignition  is  too  quick,  thereby  leading  to  an  undesirable  pressure  peak, 
whereas  the  ignition  in  curve  d  is  too  slow,  which  results  in  an  unstable  situation  and 
consequently  bang!  ires,  "sputtering”  or  possibly  t'.ii  lures-to-l’i  re. 

Curve  *?  represents  t  lie  ideal  case  of  a  steady  pressure  transition  to  the  stable  situation. 

Klg.  4  once  more  shows  t  tie  ideal  case  in  order  to  define  t  tie  terms  used.  The  ignition 
response  time  is  t  tie  duration  between  application  of  t  tie  electrical  ignition  voltage  and 
t  tie  achievement  of  1 0  X  of  t  tie  maximum  gas  pressure  in  t  tie  combust  ion  chamber  or  a 
ballistic  pressure  vessel. 

The  ignition  time  is  defined  as  the  durat  ion  of  t  tie  pressure  rise  from  10  X  to  40  X  of 
the  maximum  gas  pressure  in  t  tie  combust  ion  chamber  or  the  ballistic  pressure  vessel. 

This  ignition  time  is  reciprocal ly  contained  in  the  rate  of  t  tie  pressure  rise,  a  quantity 
often  used  in  the  definition  of  t  tie  propellant  igniters. 

d .  i  ah  rnom  i  \n  l  ion  inns 

The  I. AH  propellant  igniter  must  ignite  a  star  configuration  propellant,  for  propellants 
with  lateral  burning,  it  is  expedient  to  place  t  tie  igniter  in  t  ho  front  section  of  t  tic 
combustion  chamber  in  order  to  cover  t  lie  propelling  charge  with  t  tie  hot  combustion  pro- 
due  t  s . 

Consequent  l  y ,  t  tic  igniter  was  located  opposite  t  tie  nozzle  side  (see  fig.  1). 

The  spontaneous  ignition  temperature  of  t  tie  double-base  propellant  used  is  comparatively 
1 ow  such  that  the  ignition  is  not  particularly  difficult  as  far  as  reaching  the  necessary 
temperature  is  concerned,  because  of  t  tie  high  pressure  limit  of  double-base  propellants, 
gas  pressures  of  more  than  dO  bar  will,  however*  be  necessary. 

for  a  scheduled  combustion  chamber  pressure  of  appr.  lOO  bar,  t  lie  ignition  pressure 
should  ho  in  t  tie  order  of  appr.  JO  t  o  45  bar. 

for  .i  rocket  of  t  ti  i  s  size,  an  ignition  time  of  appr.  40  ms  -  as  defined  in  fig.  4  - 
seems  t o  he  appropriate.  This  requires  a  rate  of  pressure  increase  of  appr.  1000  bar  s. 
Thus,  the  requirements  for  this  new  igniter  were  defined  with  t  lie  following  data  ( see 
fig.  5 ) : 

ignition  temperature  :  >  2000  k  (if  possible) 

ignition  pressure  :  appr.  JO  to  45  bar 

rate  of  pressure  rise  :  appr.  1000  bar  s 

ignit ion  response  t ime  :  <  60  ms 

fig.  6  shows  a  photography  ot*  t  tie  igniter  used  for  tills  purpose.  Its  design  is  shown  in 
figs.  7a,  7b  and  7c.  It  consists  of  t  lie  metal  can  ll)»  an  axial  opening  for  flic  cable 

passage  from  the  rocket  head  to  t  tie  rocket  tail  section. 

The  igniter  surface  facing  the  propelling  charge  for  the  most  paid  consists  of  a  plastic 
disc  of  polyethylene  (2),  which  is  ejected  by  the  gas  pressure  developed  during  t he  ig¬ 
nition  and  allows  t he  ignition  flash  to  reach  t  tie  propelling  charge. 

fig.  ?h  shows  the  other  design  areas.  Two  primary  igniters  (d)  are  retained  in  this 
position  by  a  metal  clamp  (6)  with  the  effect  of  a  spring. 

The  two  electric  primary  igniters  are  connected  in  parallel  through  table  terminal  con¬ 
nectors  (4).  Th«»  largest  part  of  t  tie  interior  volume  is  taken  up  by  t  tie  pyrotechnic  ig¬ 

niter  mixture  (5).  The  igniter  mixture  is  sprt ng-mount ed  in  a  dense  packing  by  means  ot* 
a  polyethylene  foam  disc  (7)  such  that  t  tie  individual  pellets  (5)  of  t  tie  igniter  mixture 
cannot  move  in  the  can. 


The  design  of  the  primary  igniter  is  shown  in  tig.  rt.  A  pyrotechnic  igniter  mixture  (2) 
with  an  axial  port  (5)  is  located  in  the  lower  sort  ion  of  a  completely  sealed  aluminum 
cap  (I).  An  electric  squib  id),  which  is  welded  to  t  tie  electrical  leads  is  located  above 
the  igniter  mixture. 

The  primary  igniter  is  sealed  tightly  by  crimping  t he  metal  capsule  ov  i  a  plastic  plug 
(4).  The  axial  port  (5)  in  the  igniter  mixture  causes  the  bottom  of  t h«  primary  igniter 
to  tear  up  immediately  after  ignition  of  t  tie  squib.  The  ignition  response  time  of  t he 
primary  igniter  is  therefore  practically  determined  by  t  tie  squib  alone. 

4  .  INTfHNAI.  HAIllSTlf  DATA  ANh  MECHANICAL  f  NX  I  HONMf  NTA1  rOMPAllHll  1TV 

The  most  important  characteristics  of  a  propellant  igniter  are  its  internal  ballistics 
parameters.  They  are  especially  determined  by  1  lie  pyrotechnic  igniter  mixture. 

based  on  earlier  experience,  the  following  composition  was  used  during  t  lie  development 
of  t  tie  propellant  igniter  for  t  he  l  Alt  (see  tig.  4,  upper  part): 


•i  t  < 


K-.» 


KC 10,  17  < 

Si  26  < 

nitrocellulose  13  X 

( binder ) 

polyethylene  1  *C 

(casing) 


pb^O^,  KClOj  and  Si  are  processed  with  nitrocellulose  as  a  binder  to  form  a  granular 
mat  erial . 

In  order  to  achieve  the  proper  burning  rate  and  the  resulting  pressure  increase  rate,  a 
grain  size  of  2.5  to  5  mm  diameter  had  to  be  chosen. 

To  increase  the  abrasion  resistance,  these  grains  were  provided  with  a  polyethylene 
coating  such  that  grain  configuration  is  maintained  even  after  the  mechanical  environ¬ 
mental  loads  of  the  Jolt,  5  loot  Drop,  40  Foot  Drop  and  transportation-vibration  tests, 
a  condition  that  is  required  to  ensure  uniformity  of  the  internal  ballistics  parameters. 

The  lower  part  of  Fig.  9  shows  some  important  thermodynamic  parameters  of  the  igniter 
mixture.  The  values  have  been  calculated  in  accordance  with  t ho  chemical  equilibrium 
t  hemodynamics  met  hod . 

Typical  values  of  the  parameters  obtained  with  this  igniter  mixture  in  the  ballistic 
pressure  vessel  are  shown  in  the  following  Fig.  10  for  extreme  temperatures.  The  mean 
values  determined  from  a  large  number  of  measurements  are  shown  as  spread  bars. 

The  propellant  igniter  with  this  mixture  was  initially  able  to  withstand  the  afoiTmcn- 
t ioned  mechanical  environmental  loads  such  that  it  was  possible  to  start  manufacturing. 
However,  certain  incidents  cast  doubts  on  the  handling  safety  and  required  renewed  tests 
concerning  the  mechanical  strength.  Surprisingly ,  these  tests  showed  that  t he  specific 
design  of  the  rocket,  e.  g.  retention  of  the  propelling  charge  by  means  of  a  spring,  was 
a  mechanical  source  of  danger.  As  a  result  of  this  design  (see  Fig.  1),  the  retaining 
spring  was  severely  compressed  by  the  inertia  of  the  propellant  mass  when  the  rocket  or 
rocket  motor  dropped  with  the  nose  down.  The  air  surrounding  the  igniter  is  then  com¬ 
pressed  to  such  a  degree  that  the  can  is  indented  and  there  is  a  danger  of  mechanical 
ignition  of  the  igniter  mixture.  It  took  very  comprehensive  tests  in  order  to  first  de¬ 
termine  to  what  extent  the  igniter  mixture  used  was  in  fact  the  cause  of  unintent¬ 

ional  ignitions  as  a  result  of  its  friction  and  impact  sensitivity,  although  it  had 
proved  successful  in  the  preceding  qualification  test  using  the  normal  sampling  sizes. 

The  probability  of  an  unintentional  ignition  of  the  propellant  igniters  was  measured  in 
a  mechanical  drop  test  from  HO  cm  height  in  the  tup. 

In  fact,  21.000  (!)  drop  tests  were  performed  and  the  ignition  rat*'  determined  was 
1 .5  °/oo. 

On  the  one  hand,  the  ignition  rate  is  so  small  that  it  could  have  been  discovered  only 
coincidentally  during  the  development  and  final  qua l i float i on  tests;  on  the  other  hand, 
it  had  to  be  considered  as  being  too  high  from  a  safety  point  of  view. 

Initially,  attempts  were  made  to  reduce  the  sensitivity  to  friction  and  impact  of  this 
igniter  mixture.  This  handling  safety  obtained  in  this  manner  was  demonstrated  in  drop 
tests  with  rocket  motors  fitted  with  propellant  dummies,  because  this  was  the  easier 
method  to  simulate  realistic  conditions. 

6000  (!)  drop  tests  with  rocket  motors  from  a  height  of  80  cm  were  performed  without  any 
un intentional  i gni t l on . 

Furthermore,  drop  tests  were  performed  with  rocket  motors  packed  in  containers  from 
heights  of  up  to  5  m  without  any  unintentional  ignitions. 

In  order  to  determine  the  statistical  reliability  of  this  handling  safety,  the  probability 
of  ignition  as  a  function  of  dropping  height  was  also  determined  in  drop  tests  with 
propellant  igniters.  Fig.  11  shows  the  comparison  between  the  igniter  mixtures  without 
graphite  (measured  values  shown  as  circles)  and  with  graphite  (measured  values  are  shown 
as  c rosses ) . 

In  this  diagram,  a  standardized  Gaussian  distribution  is  shown  with  the  curve.  The  ig¬ 
nition  rate  of  the  conventional  igniter  mixture  approximately  reflects  the  Gaussian 
distribution,  whereas  the  ignition  rate  for  the  graphite-coated  mixture  considerably 
deviated  from  the  Gaussian  distribution*  While  it  is  recognizable  that  the  graphite- 
coated  mixture  has  a  distinctly  better  handling  safety  because  there  is  no  Gaussian  dis¬ 
tribution,  no  statistically  reliable  safety  value  can  he  given  for  0,8  m  dropping  height  . 
The  reason  for  the  non-Gaussian  distribution  however  was  m.l  studied  and  a  decision  was 
made  in  favour  of  a  completely  different  igniter  mixture. 

This  mixture  consists  of  amorphous  boron  anti  potassium  nitrate'  with  the  proportions 
shown  in  Fig.  12.  The  binder  is  a  mixture  of  Adiprene  (a  plast  o-e  1  ast  i  c  intermediate 
plastic  product  of  linear  polyurethane)  and  Moca  (3.3*  -  diamino  -  4.4*  -  dichlorine'  - 
d i phony  1  methane ) . 

The  igniter  mixture  manufactured  from  these  substances  has  a  completely  different 
structure  and  consists  of  pressed  pellets  of  a  height  and  diameter  of  appr.  3.5  mm. 

In  manufacturing  this  igniter  mixture,  boron  and  potassium  nitrate  are  processed  with 
the  hinder  to  form  a  more  or  less  granular  material.  This  material  is  prehardened,  brought 
to  .»  specific  grain  size  of  0.15  -  1  mm  by  grinding  and  screening  and  subsequently  pressed 
into  pellets  at  high  pressure. 

Fig.  13  shows  the  calculated  thermodynamic  parameters  of  this  igniter  mixture. 

For  comparison,  the  data  of  the  earlier  igniter  mixture  are  listed  again. 
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The  combustion  temperature  and  particularly  the  absolute  enthalpy  for  the-  H  KNO j  igniter 
mixture  are  higher  than  with  the  Si /Pb^O^/KC IO4  igniter  mixture.  The  calculated  values 
are  quite  accurate.  A  spectroscopic  measurement  of  the  combustion  temperature  showed 
that  the*  values  were  in  close  agreement  . 

In  the  ballistic  pressure  vessel,  the  two  igniter  mixtures  have  considerable  differences. 

_  3  . 

At  a  charge  density  ot  0.02  g/cm  (2.8  g  in  140  ml  ),  the  maximum  pressures  for  II  KNO  $ 
are  appr.  60  bar  as  against  appr.  30  bar  with  Si/l^p^/KClOq .  The  difference  between  the 
igniter  mixtures  is  also  evidenced  by  relative  quickness  in  fig.  14  which  shows  the  ad¬ 
vantages  of  the  H  KNO3  igniter  mixture. 

A  valuable,  even  if  only  qua  1 i tat i ve , i nsi ght  into  the  burning  processes  of  both  mixtures 
is  provided  by  a  film  of  the  igniter  flash  with  unrestrained  burning  of  the  propellant 
igniters.  The  following  series  (Figs.  15  -  18)  shows  sections  of  the  process  photographed 
at  5000  frames  per  second  after  20  ms,  80  ms,  200  ms,  320  ms  counting  from  the  appli¬ 
cation  of  the  electric  i nit ion  voltage. 

The  beginning  of  the  expanding  flash  (after  20  ms)  is  earlier  in  the  case  of  the  B/KNO3 
mixture.  After  80  ms,  the  flash  has  expanded  to  a  considerably  greater  extent  and  has 
almost  reached  the  size  of  the  full  flash  pattern  ot'  the  Si/Pb^O^  KCIO4  igniter  mixture. 
After  200  ms,  B  KNO 3  has  fully  ignited  and  from  this  point  onwards,  the  degressive  effect 
is  stronger  than  with  Si /PbjO^/KClO^ ,  which  is  in  conformance  with  the  degressive 
behaviour  of  the  terminal  phase  as  already  shown  in  the  relative  quickness. 

The  purpose  of  this  igniter  mixture  was  to  improve  the  mechanical  handling  safety.  The 
pellets  therefore  had  to  be  made  as  abrasion-  and  break-proof  as  possible,  while  at  the 
same?  time  the  previous  internal  ballistics  parameters  were  of  course  not  to  be  degraded 
but,  if  possible,  improved.  This  optimization  required  very  extensive  studies,  in  which 
the  influencing  factors  of  the 

igniter  mixture 
cha rge  quant i ty 
binder  content 
pellet  size 

grain  size  of  components 

as  well  as  the  thermal  and  mechanical  environmental  influences  had  to  be  determined. 

Within  the  scope  of  this  paper,  only  extracts  of  the  most  important  test  results  can  be 
given . 

Because  of  the  .absolute  enthalpy  of  the  boron/potassium  nitrate  igniter  mixture,  which 
has  been  increased  by  a  factor  of  1.6,  and  the  double  amount  of  the  maximum  pressures 
achieved  in  the  ballistic  pressure  vessel,  it  was  possible  to  use  a  charge  quantity  re¬ 
duced  to  below  20  g  as  against  32  g  previously.  In  order  to  substantiate  the  expected 
theoretical  values,  the  ignition  response  times,  maximum  pressures  and  rates  of  pressure 
increase  were  measured  as  a  function  of  the  charge  quantity  ot'  the  igniters.  The  follow¬ 
ing  Figs.  19  -  21  show  the  test  results.  They  show  the  spread  zones  in  which  the  indivi¬ 
dual  test  data  are  located.  The  red  and  blue  limiting  lines  at  the  same  time  represent 
the  temperature  dependence,  with  the  red  lines  marking  the  limit  values  at  appr.  50°  C 
and  the  blue  lines  the  limit  values  at  appr.  -30°  C. 

For  comparison,  the  values  of  the  previous  Si/PlrjO^  KCIO^  igniter  mixture  have  again 
been  plotted  in  these  diagrams.  The  ignition  response  time  (see  Fig.  19)  of  the  now 
igniter  mixture  is  considerably  shorter  and,  even  at  the  minimum  quantity  of  12  g,  below 
the  response  ot'  the  old  igniter  mixture. 

The  maximum  pressures  (see  Fig.  20)  are  about  twice  as  high  and  therefore  require  a 
considerable  reduction  in  the  original  charge  quantity  from  32  g  to  values  below  20  g. 

The  rates  of  pressure  increase  are  higher  by  a  factor  of  appr.  1.7.  The  optimization  of 
the  charge  quantity  between  12  and  20  g  should  be  obtained  from  a  combination  of  these 
three  diagrams  in  Fig.  22.  The  ignition  response  time  is  sufficiently  good,  even  at  the 
minimum  charge.  Perfect  ignition  at  -40°  C  was  demonstrated  with  the  minimum  quantity. 

A  maxim\im  ignition  pressure  should  not  be  too  low  because  of  the  relatively  high  pressure 
limit  of  the  double-base  propellant  and  should  not  be  too  high  oi t her, because  of  the 
pressure  peaks  that  are  liable  to  happen.  In  order  to  keep  the  ignition  as  steady  as 
possible,  the  rate  of  pressure  increase  should  not  be  considerably  below  1000  bar  s. 

This  resulted  in  the  optimum  charge  quantity  of  16  g  for  boron/potassium  nitrate. 

The  opt imi zat i on  of  the  binder  content  was  of  great  importance.  Due  to  the  absolutely 
necessary  handling  safety,  the  objective  was  to  achieve  a  high  binder  content  to  ensure 
resistance  to  abrasion  and  pressure  without  degrading  the  ballistic  parameters  of  the 
igniter  mixtures.  These  measurements  were  made  with  2.8  g  igniter  mixture  each  in  a  small 
test  pressure  vessel.  The  values  obtained  in  this  pressure  vessel  are  standardized  rela¬ 
tive  to  the  conditions  in  the  test  pressure  vessel  to  measure  propellant  igniters  as 
shown  in  Fig.  23  such  that  they  are  comparable  with  the  values  shown  earlier. 

The  most  important  parameters  are  again  summarized  in  a  diagram.  Furt hermore ,  this 
diagram  shows  the  influences  of  the  fine  grain  portion  recycled  in  the  manufacturing 
process . 

Since  the  fine  grain  portion  must  also  be  used  for  economical  considerations,  the  binder 
content  could  not  be  increased  beyond  5.6  *&,  above  all  because  of  the  ignition  response 
time.  Since  the  influence  is  less  below  5.6  K>  and,  on  the  other  hand,  this  content 
ensures  good  abrasion  and  pressure  resistance  of  the  igniter  pellets,  the  optimum  had 


been  reached. 


8  s 


Finally,  Fig.  24  also  illustrates  the  dependence  of  the  pellet  si/e  For  a  constant  cross- 
section  and  variable  height  ot*  2.5  to  4.5  nun. 

The  measurement  of  the  ballistics  data  was  made  with  1H  g  igniter  mixture  in  the 
neighbourhood  ot"  the  expected  optimum  charge  quantity  at  the  extreme  temperatures  of 
-30°  C  and  >50°  C. 

The  measurements  in  the  ballistic  pressure  vessel  were  oomp 1 ement  ed  by  test  stand 
measurements  in  the  rocket  motor. 

In  the  case  of*  the  I  AM  rocket  motor  igniter,  the  boron  potassium  nitrate  igniter  mixture 
proved  very  Favourable  as  to  its  mechanical  resistance  to  environmental  influences. 

The  ballistics  data  measured  alter  the  shock,  tumbling  and  vibration  tests  hardly  differ 
from  the  values  shown  earlier. 

A  great  deal  of  importance  was  attached  t o  the  demonstration  of  adequate  handling  safety. 
The  fulfilment  of  this  requirement  was  demonstrated  in  the  drop  tests  from  12  m  height. 

The  drop  tests  were  conducted  with  propellant  igniters  in  falling  tups  and,  because  of 
the  special  design  characteristic  described  above,  in  rocket  motors  with  propellant 
dummies.  At  12  m  dropping  height,  no  ignition  occurred.  The  determination  of  handling 
safety  with  statistical  reliability  by  measuring  the  ignition  rate  as  a  function  of 
dropping  height  was  not  possible  because  of  the  limited  height  ot  the  tup.  However,  an 
improvement  in  the  handling  safety  is  clearly  demonstrated  even  without  this  reliability 
measurement  when  making  a  comparison  with  the  Si  I'b  p)q  KFlO.j  igniter  mixture  which  lias 
an  ignition  rate  of  85  t  at  6  ni  dropping  height  . 

5.  ASTM  PMOl’F  1 .  FAN  1  IdNITF.H 

After  the  presentation,  we  now  return  to  the  propellant  igniter  of  the  anti-submarine 
training  rocket. 

Because  of  the  lateral  burning  of  the  propelling  charges  of  both  the  main  nut  auxiliary 
motor,  both  propellant  igniters  art'  located  in  the  front  section  of  the'  motor  t  see 
K i s .  2) . 

The  ignition  of  the  double-base  propellant  is  a  little'  more  difficult  for  tin*  outer  main 
motor,  because  of  the  complicated  passage  of  the  ignition  Flash  through  the  oblique 
ports.  The  peculiarity  of  the  ignition  of  this  rocket  propellant  was  the  requirement  that 
both  motors,  if  possible,  should  be  ignited  simultaneously  with  identical  propellant 
igniters.  The  ignition  response  time,  because  of  the  initially  scheduled  elect  roll  ic  nose 
fuse  to  initiate  a  detonating  charge,  was  not  to  be  below  15  ms. 

Due  to  the  concentrically  arranged  motors,  the  propellant  igniter  had  to  he  of  a  slender 
configuration  as  shown  in  Fig.  25.  Fig.  26  shows  the  interior  structure. 

Because  of  the  axial  cable  passage,  the  propellant  igniter  essentially  consists  of  two 
concentric  aluminum  sleeves  t l > .  In  the  lower  section,  u  symmetrical  annular  arrangement 
accomodates  four  squibs  (2)  which  are  located  in  a  plastic  mount  |3).  The  igniter 
mixture  (4)  which  is  covered  by  a  celluloid  cover  (5)  is  located  above  the  squibs.  The 
four  squibs  are  arranged  in  pairs  and  connected  in  parallel  and  in  series  and  their  con¬ 
nections  are  axially  routed  outward  via  supply  lines  (1  shall  discuss  details  in  con¬ 
nection  with  the  electrical  parameters) . 

For  the  development ,  the  same  empiric.il  method  was  used  as  described  earlier  in  connect¬ 
ion  with  the  l.AR  propellant  igniter.  A  number  of  different  igniter  mixtures  were  subjecte 
to  preliminary  tests  and  in  this  particular  case,  the  B  KNOj-  and  Si  Ph  KFlOq  mixtures 
described  earlier  proved  most  successful.  However,  1  do  not  want  to  go  into  details  at 
this  point,  because  the  tests  did  not  reveal  any  new  information.  Since  the  ignition 
response  time  of  boron  potassium  nitrate  is  too  rapid  for  this  type  of  rocket  ,  a  silicon- 
lead  oxide  potassium  perchlorate  igniter  mixture  was  used  in  the  composition  shown  in 
F i g .  9.  However,  because  of  the  fact  that  the  ignition  of  both  motors  should  be  as 
steady  as  possible,  a  grain  size  of  0.5  to  1  nim  as  against  the  I  AM  mixture  of  2.5  t o 
5  mm  was  necessary.  Both  motors  are  easy  to  ignite  with  a  quantity  of  1 0  g  of  this 
mixture.  The  time  difference  in  the'  ignition  of  both  motors  is  appr.  30  X  ot*  the  ignition 
response  time,  which  is  about  40  -  60  ms  for  the  main  motor  and  appr.  26  -  35  ms  for  the 
auxiliary  motor. 

The  ignition  response  time'  difference  ot*  both  motors  is  only  4  A’  of  the'  burning  time'  ot 
the  main  and  auxiliary  motor.  This  igniter  mixture  which  did  not  prove'  sut'f  i  c  i  out  hundlin 
safety  in  the  I  AM  propellant  ignite'?’  proved  ve'ry  reliable  in  the  ASTM  propellant  igniter 
during  the'  mechanical  environmental  tests.  Drop  tests  were  pe'rfornte'd  with  igniters  in¬ 
stalled  in  rocket  motors  and  it  should  he'  noted  that  not  only  the'  1.5  m  drop  test 
requireti  by  Mil. -STD  33  1  but  also  the  14  m  drop  test  beyonei  the'  Mil  -STD  re'qu  i  re'tm'nt  was 
passed  without  any  problem. 

This  is  particularly  tine  te>  the'  fact,  that  both  igniters  are  mechanically  protected 
within  a  solid  mounting  element,  where  they  do  not  suffer  any  mechanical  damage  even 
under  extreme  loads. 

6.  Fl.FCTM  1  CAF  PMOPFMT  1  IS 

let  us  now  take  a  1  ook  at  the'  electrical  paramete'rs  of*  the'  propellant  igniters.  The 
electrical  parameters  determine  the*  electrical  reliability  on  the'  one'  hand  and  safety 
against  electric  stray  currents,  e  l  ect  rout  at  i  c  discharge's  and  electromagnetic  radi.it  ion, 
on  the?  other  hand. 
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Fig.  2 7  lists  the  electrical  parameters  of  both  propellant  igniters. 

Relatively  sensitive  bridgewire  fuseheads  with  a  bridgewire  resistance  of  1.2  to  1.4 
are  used  in  both  cases  as  primary  elements. 

The  electric  ignition  currents  of  the  LAR  and  ASTR  firing  control  units  are  considerably 
higher  than  the  all -fire  currents  listed.  The  probabilities  of  ignition  are  above 
99.9999  *. 

Due  to  the  parallel  connection,  the  stray  current  safety  of  0.46  A  is  too  high  that 
uni nt ent iona 1  ignition  can  be  excluded  under  the  prevailing  conditions. 

7.  FIFF  TRUST  AT  1 1  SAFETY 


1 n  order  to  evaluate  the  electrostatic  safety,  Fig.  28  shows  the  different  theoretically 
possible  types  of  discharge  for  an  electrostatic  discharge  from  the  housing  of  the 
propellant  igniter  to  the  electric  leads. 

The  design  as  such  establishes  a  direct  connection  from  the  housing  of  the  propellant 
igniter  to  the  housing  of  the  primary  igniter.  Nevertheless,  it  is  theoretically  con¬ 
ceivable  that  igniter  mixture  or  at  least  abraded  igniter  mixture  may  get  between  both 
housings  as  a  result  of  mechanical  environmental  influences  such  that  spark  breakdown 
through  the  igniter  mixture  cannot  be  excluded. 

In  the  initially  used  primary  igniter  (see  upper  primary  igniter  in  Fig.  28),  in  addition 
to  the  discharge  onto  the  electric  leads  to  the  squib,  there  is  also  a  theoretical 
possibility,  although  remote,  of  a  spark  breakdown  through  the  squib  head. 

The  electrostatic  sensitivity  is  therefore  determined  by 

the  sensitivity  of  the  igniter  mixture  (1) 

the  sensitivity  of  the  igniting  mixture  of  the  squib  (2) 

and  the  sensitivity  across  the  glow  bridgewire  of  the  squib  (3). 

In  this  connection,  it  should  be  noted  whether  the  discharge  passes  through  the  open 
ends  of  the  electric  leads  -  (a)  and  (b)  -  or  through  the  short-circuited  ends  of  the 
electric  leads  (c). 

Fig.  29  represents  the  individual  sensitivity  levels  in  the  form  of  "no-fire"  energy 
levels.  In  this  representation,  the  requirement  of  Mil. -STD  332  is  met  at  the  same  time. 
The  greatest  electrostatic  sensitivity  obviously  occurs  in  the  event  of  a  spark  break¬ 
down  through  the  squib  head.  By  shrinking  a  plastic  hose  over  the  squib  head  (see  lower 
primary  igniter  in  Fig.  28),  this  type  of  discharge  has  been  avoided  completely.  In  this 
manner,  the  elect rostat ic  safety  of  the  FAR  propellant  igniter  was  increased  well  beyond 
the  requirements  of  MIL-STD  322. 

In  the  case  of  the  ASTR  propellant  igniter,  the  conditions  concerning  electrostatic 
safety,  are  quite  different.  The  propellant  igniter  has  a  nominal  spark  gap  (6).  As  a 
result  of  the  deep  embedding  of  the  squib  (2)  in  the  plastic  mount  (3),  the  electric 
breakdown  voltage  from  the  outer  sleeve  (1)  across  the  igniter  mixture  (4)  onto  the 
squibs  (2)  is  considerably  higher  than  the  breakdown  voltage  at  the  nominal  spark  gap. 

The  electrostatic  safety  is  therefore  solely  determined  by  the  electrostatic  sensitivity 
of  the  squibs  through  the  electrical  heating  of  the  glow  bridgewires. 

Fig.  30  shows  the  sensitivity  levels  in  the  form  of  the  "no-fire"  thresholds. 

The  ASTR  igniter’  thus  also  is  electrostatically  safe  beyond  the  requirements  of  MIL-STD 
322. 

8.  FLFC TROMAltNFT  1  F  COMPATIBILITY 

Finally,  a  few  observations  on  the  important  characteristic  of  electromagnetic 
compat ibi 1 i ty . 

As  shown  in  Fig.  I,  the  propellant  igniter  of  the  LAR  motor  receives  its  electrical 
ignition  energy  through  relatively  long  lines  of  appr.  1  m  in  length.  Since  those  lines 
are  not  shielded  and  the  motor  casing  consists  of  plastic  material,  it  is  actually 
possible  that  high-frequency  energy  from  the  electromagnetic  field  of  the  radar  is  able 
to  reach  these  lines  with  little  attenuation  and  cause  electric  currents.  However,  in 
actual  practice,  this  condition  prevails  only  for  the  short  period  of  time  of  reloading 
the  rocket  from  the  metallic  transport  and  storage  container  into  the  rocket  launcher. 

To  assess  the  level  of  danger  during  the  period  of'  loading,  measurements  of  the 
probability  of  ignition  were  performed  only  with  rocket  motors  fitted  with  primary 
igniters  within  the  close  range  (immediately  in  front  of  the  antennas)  with  high-power 
hi gh-f requency  transmitters  operating  in  the  cw  mode  in  the  frequency  range  of  0.1  MHz 
to  2.5  GHz.  The  measurements  were  performed  with  different  arrangements  of  the  lead-in 
wires  which  are  appr.  1  m  long: 

ends  of  wires  :  terminated  at  5 OJL 

ends  of  wires  :  short -c i rcu i t ed 

ends  of  wires  :  open  with  50 JL termination 

With  the  first  two  arrangements,  even  the  maximum  achievable  field  strength  in  the  afore¬ 
mentioned  frequency  range  was  not  able  to  trigger  any  unintentional  ignitions.  Ignitions 
were  caused  only  in  the  range  of  100  -  200  MHz  with  open  leads.  In  actual  practice,  how¬ 
ever,  the  condition  of  open  leads  exists  only  for  an  extremely  short  period  of  time,  but 
then  the  rocket  is  in  the  launcher  and  the  leads  are  shielded  by  the  metallic  jacket  of' 
the  launcher.  Therefore,  these  measurements  allow  the  conclusion  that  unintentional 
firing  of  the  LAR  is  practically  impossible  tinder  the  existing  conditions. 


IGNITION  TEMPERATURE  :>2000°K 


IGNITION  PRESSURE  :~30-45bar 


RATE  OF  PRESSURE 
INCREASE 

IGNITION  DELAY  TIME 


Fig. 5  LAR-propellant  igniter  requirements 


Fig. 6  Photograph  of  LAR-propellant  charge  igniter 
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Fig  9  C  omposition  of  Si/Pb,04/KCI04  -igniting  charge  Fi«  10  lgn<*ion  delay  time,  maximum  pressure  and  rate  of 

mixture  and  thermodynamic  parameters  pressure  increase  of  Si/Pbj04/KC]04  -ignition  charge 

mixture  tLAR) 


B{ AMORPHOUS)  :  23,7  % 

KN03  :  70,7  °/o 

BINDING  AGENT  ;  5,6  °/o 


BINDING  AGENT:  MIXTURE  OF  ADIPRENE 

(POLVURETHAN)  AND  MOCA 
( 3,3'  DIAMINO-  UM'  DICHLORINE- 
DIPHENYL -METHANE ) 


•  ig.  1  -  Composition  of  B  kNO,  ignition  charge  mixture  tl  \K> 


B/KNO,  Si/PbjO^/KClO^ 

COMBUSTION  TEMPERATURE  2440 #K  2250°K 

MEAN  MOLARE  WEIGHT  37,2  g  /Mol  56,3  g/Mol 

PERCENTAGZ  OF  CONDENSED  25  °/o  20°A> 

REACTION  PRODUCTS 

ENTHALPIE  29860  ^  18250  “L 

Fig.  13  Thermodynamic  parameters  of  B/KNOj-  and  Si/Pb30«/KCI0« -ignition  charge  mixture 


Si/Pt^O^/KCl  04 

I  ig.l  K  Flash  pattern  of  the  ignition  with  unrestrained  burning  .*20  ms  after  electrical  initiation 
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Fig  20 


Fig.  19 


>f  pressure  i  no  reuse  as  a  function  of  charge  weight 


i 


PRIMARY  LAR-PROPELLANT  ASTR- PROPELLANT 


IGNITER 

IGNITER 

IGNITER 

ELECTRICAL  CIRCUIT 

~ 

ELECTRICAL  RESISTANCE 

1,2  -  1,4  Si 

0,65-  0,95  S? 

1,25-1.65? 

ALL  FIRE  CURRENT 
(99,9999%  PROBABILITY) 

0,35  omp 

0,76amp 

0.76amp 

NO  FIRE  CURRENT 
(0,0001%  PROBABILITY) 

0,25amp. 

0A6amp 

0.46amp 

PROBABILITY  OF  IGNITION  WITH  LAR- 
OR  ASTR-  FIRING  CURRENT 

>99,9999% 

>99,9999% 

>99,9999% 

Fig. 27  Electrical  properties  of  LAR-  anil  ASTR-propellant  igniter 

Q  b  c 


1  ELECTROSTATIC  SENSITIVITY  OF  IGNITION  CHARGE  MIXTURE 

2  ELECTROSTATIC  SENSITIVITY  OF  FLASHING  COMPOSITION  \ 

OF  FUSEHEAD 

3  ELECTROSTATIC  SENSITIVITY  OF  FUSEHEAO  BY  HEATING 
OF  BR1DGEWIRE 


figure  'S 
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SENSITIVITY 

NO  FIRE  ENERGIE 

REQUIREMENTS 

OF  MIL-STD  322 

OFB/KNOfIGNITION 
CHARGE  MIXTURE 

1000 pF  30 kV 
DISCHARGE  OVER 
m  IN  SERIES 

OF  FLASHING 
COMPOSITION 

OF  FUSEHEAD 

500  pF  11  kV 
DISCHARGE  OVER 

5  to  IN  SERIES 

500 pF  25  kV 
DISCHARGE 

OVER  5  to 

IN  SERIES 

OF  FUSEHEAD  BY 
HEATING  OF  BRIDGE: 
WIRE  WITH  LEADING 
WIRES  OPEN 

500  pF  10  kV 
DISCHARGE  WITHOUT 
SERIES  RESISTANCE 

OF  FUSEHEAD  BY 
HEATING  OF  BRIDGE: 
WIRE  WITH  LEADING 
WIRES  CLOSED 

500pF  25 kV 
DISCHARGE  WITHOUT 
SERIES  RESISTANCE 

I’ig. 2‘>  I  lectrostatie  sensitivity  of  I  \R  igniter  ami  requirements  of  Mil  SU>  .122 


ELECTROSTATIC  SENSITIVITY 

NO  FIRE  ENERGY 

REQUIREMENTS 

OF  MIL- STD  322 

OF  FUSEHEAD  BY  HEATING 

SOOpF  10  kV 

OF  BRIDGEWIRE 

DISCHARGE  WITHOUT 

WITH  LEADING  WIRES  OPEN 

SERIES  RESISTANCE 

500pF  25  kV 
DISCHARGE  OVER 

OF  FUSEHEAD  BY  HEATING 

500pF  25kV 

5kQ  IN  SERIES 

OF  BRIDGEWIRE 

DISCHARGE  WITHOUT 

WITH  LEADING  WIRES  CLOSED 

SERIES  RESISTANCE 

l'ig-30  llectrostatie  sensitivity  of  ASTRigniter  anil  requirements  of  Mil  -STI)  .1  ’2 


PRIMARY 

IGNITER 


C,  CERAMIC  BUSHING  CONDENSERS 
C2  CERAMIC  CONDENSERS 

R  LEADING  WIRE  RESISTANCE  OF  HIGH  INDUCTIVITY 
L  COIL  ON  FERRITE  CORE 


Fig. 31  MMC-circuit  for  igniter  for  l  AH.  -ml  generation 
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SOME  MEASUREMENTS  OF  IGNITION  DELAY  AND  HEAT  TRANSFER  WITH  PYROGEN  IGNITERS 

by 

A.R.  Hall,  G.R.  Southern  and  D.  Sutton 

Procurement  Executive,  Ministry  of  Defence 
Propellants,  Explosives  and  Rocket  Motor  Establishment 
Westcott,  Aylesbury 
Buckinghamshire  HP  1 8  ONZ,  UK 


SUMMARY 


To  elucidate  design  principles  for  single  orifice  pyrogens  charged  with  propellant,  and  fired  axially 
in  small  motors,  measurements  have  been  made  of  ignition  delay  and  the  corresponding  heat  flux  with  a  range 
of  these  units.  Ignition  delays  were  inferred  from  pressure-t i me  records  of  both  pyrogen  and  main  motor 
and  mean  heat  fluxes  were  calculated  from  the  total  temperature  rise  of  copper  capsules  set  in  dummy  motor 
charges.  The  motor  ignition  delay,  tjg,  the  mass  rate  of  pyrogen  discharge,  m,  and  the  mean  heat  flux, 

4,  were  correlated  as  follows:  ( i )  approxi matel y  t.^  a  nf'-5,  (i|)  Q  a  ft"-®  and  (iii)  t.^  a  i*'-®.  Hence 

Comparison  of  igniters  at  the  same  values  of  ft  revealed  that  (a)  ignition 


*-0.8 


ftt.g  a  ft  and  ^  a  Q 

delays  tended  to  be  longer  if  igniter  products  contained  a  condensed  phase,  and  (b)  pyrogens  performed  as 
well  as  pyrotechnics. 


1.  INTRODUCTION 


In  the  development  of  solid  propellant  rocket  motors  the  design  of  a  satisfactory  igniter  is  often 
more  difficult  than  that  of  any  other  component.  The  present  authors  believe  that  this  situation  can  be 
remedied  more  readily  by  developing  the  pyrogen,  i.e.  a  nozzled  charge  of  propellant  and  thus  essentially 
a  miniature  rocket  motor,  rather  than  the  pyrotechnic  igniter. 

1 . 1  Ignition  of  Solid  Propellant 

The  mechanism  of  ignition  of  a  solid  propellant  is  complex  and  the  details  obscure,  but  the  broad 
features  and  principal  factors  are  clear. 

When  the  temperature  of  a  propellant  surface  has  been  raised  by  the  igniter  heat  to  a  particular  level 
exothermic  propellant  reactions  begin  to  contribute  significantly  to  its  further  rise.  (These  reactions 
vary  among  propellant  types  and  may  occur  in  the  condensed  phase,  the  gas  phase,  or  at  the  surface,  or 
combinations  of  these.)  Because  chemical  reaction  rates  vary  exponentially  with  temperature  the  propellant 
self-heating  rate  responds  similarly  and  can  cause  rapid  rise  in  temperature,  leading  abruptly  to  a  runaway 
condition'.  Thus  although  the  notion  of  a  single  'ignition  temperature1,  constant  for  all  conditions  for  a 
particular  propellant,  is  not  valid  the  general  concept  remains  broadly  useful.  However,  the  distinction 
also  remains  between  an  essentially  thermal  induction  period  and  the  subsequent  chemical  induction  period 
which  culminates  in  ignition. 

The  energy  required  by  a  propellant  for  ignition  has  been  found  to  depend  chiefly  on  the  following 
fac to rs?>3;- 

1)  type  of  propellant, 

2)  initial  temperature  of  propellant, 

3)  rate  of  delivery  of  energy  to  the  propellant,  and 

It)  ambient  pressure. 

1.2  I  qn i  te rs 

Probably  the  most  common  type  of  igniter  used  with  solid  propellant  motors  is  a  pyrotechnic  device. 
However,  the  design  and  testing  of  such  devices  remain  largely  empirical,  so  each  new  project  demands  much 
experimental  work  to  ensure  that  its  igniter  meets  all  the  requirements.  Pyrotechnic  igniter  products  are 
invariably  very  smoky  and  produce  considerable  flash. 

Because  a  pyrogen  is  essentially  a  rocket  motor  as  regards  its  internal  ballistics,  its  burning 
performance  can  be  predetermined  and  is  reproducible,  and  scaling  of  rate  and  duration  is  both  rational 
and  simple.  These  clear  cut  principles  offer  attractive  scope  for  its  development,  in  contrast  to  that  of 
the  pyrotechnic  igniter,  especially  as  it  can  be  made  relatively  smokeless  if  a  double-base  propellant  is 
used. 


The  most  precise  method  for  designing  an  'igniter  would  be  the  matching  of  the  heat  flux  it  provided 
at  the  surface  of  the  motor  charge  with  the  ignition  energy  requirement  of  the  propellant  at  the  pressure 
induced  by  the  igniter.  Unfortunately  the  formulation  of  a  comprehensive  theoretical  model  for  this  heat 
transfer  is  unlikely  in  the  foreseeable  future*4:  even  apart  from  the  complexity  of  calculations  involving 
simultaneous  processes  there  is  a  lack  of  understanding  of  the  conplex  flow  patterns,  etc.  In  these 
circumstances  it  is  necessary  to  seek  empirical,  or  semi -empi  rical  correlat  ions®.  The  present  work  aims 
to  contribute  to  this  by  relating  the  igniter  action  of  pyrogens  to  their  mass  rates  of  efflux  and  heat 
transfer  performance.  It  is  usually  believed  that  with  pyrogens  operating  in  all  but  wide  motor  conduits 
the  heat  is  transferred  predominantly  by  convection1^®.  However,  the  role  played  by  particulate  matter  in 
general  is  being  evaluated?. 
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2.  EXPERIMENTAL 


2. I  Motors 


Two  solid  propellant  motors  (I  and  II),  127  mm  dia  and  300  mm  long,  with  star  centre  charge  designs 
depicted  in  Fig.  I,  were  used.  Motor  I  was  filled  with  a  plastic  composite  (I)  and  II  with  either  a 
plastic  composite  ( 1 1  a)  or  a  rubbery  composite  (lib)  whose  compositions  are  given  in  Table  1.  The  motors 
were  nozzled  with  graphite  chokes  of  22  mm  and  30  mm  dia  respectively.  All  firings  recorded  here  were  made 
at  ambient  pressure  and  25  C. 

2.2  Ignition  Delay  Measurement 

The  pressures  in  both  pyrogen  and  main  motor  were  recorded  with  transducers  coupled  closely  to  their 
respective  chambers,  the  small  recesses  being  primed  with  a  carbon-filled  self-curing  silicone  rubber 
(Dow  Corning  Silastic  732  RTV)  for  heat  insulation.  High  frequency  galvanometers  were  used  to  ensure 
greater  fidelity  In  the  recording  of  the  ignition  transient. 

The  ignition  delay  was  taken  as  the  Interval  from  the  instant  of  pressure  rise  in  the  pyrogen  to  the 
moment  when  the  main  motor  pressure  had  increased  by  10%  of  its  final  rise,  as  illustrated  in  Fig.  2. 

This  definition  is  something  of  a  compromise.  The  moment  of  first  appearance  of  propellant  flame  would  be 
a  more  fundamental  stage  (and  no  re  difficult  to  determine)  but  would  be  less  closely  related  to  the 
practical  ignition  of  the  motor”.  Many  rocket  igniters  provide  mass  burning  rates  of  the  order  of  10%  of 
the  motor  rate.  In  such  cases  the  motor  charge  is  taking  over  from  the  igniter  the  task  of  completing  the 
spread  of  ignition  when  the  motor  mass  burning  rate,  and  thus  the  motor  pressure,  has  reached  10%  of  its 
final  value. 

The  pressure-time  history  of  the  pyrogen  was  generally  also  integrated  and  recorded  throughout  its 
operation  (Fig.  2)  In  order  to  obtain  mean  pressures  for  (a)  the  overall  burning  time,  and  (b)  the  burning 
period  up  to  the  ignition  of  the  motor,  knowing  the  former  pressure,  and  the  pyrogen  charge  mass  and  its 
burning  time,  the  discharge  coefficient  of  the  propellant  may  be  obtained.  From  the  latter  pressure  the 
mean  discharge  rate  of  the  pyrogen  up  to  that  point  may  then  be  calculated. 

2.3  Pyrogens 

The  pyrogen  charges,  whose  compositions  are  given  in  Table  1,  were  contained  in  short  metal  cylinders 
20  to  25  mm  dia)  with  a  single  plain  orifice  at  one  end  which  directed  the  efflux  down  the  axis  of  the 
main  motor  conduit,  the  exit  plane  of  the  jet  being  only  slightly  proud  of  the  motor  head  end  plate.  To 
obtain  a  range  of  mass  flow  rates  the  choke  diameters  were  varied  between  3  mm  and  10  mm,  except  for  the 
platonized  double-base  propellant  (0)  for  which  the  length  of  the  loose  extruded  charge  was  altered.  The 
Hg-PTFE-Vi ton  (E)  was  also  used  In  the  form  of  a  loose  grain,  as  a  small  cylindrical  pellet  inhibited  at 
the  ends  and  with  a  single  axial  perforation.  All  the  other  propellants  were  formed  as  annular  charges 
bonded  to  the  tube  wail.  All  the  fillings  thus  had  a  near  neutral  burning  character;  usually  they  were  of 
10  g  and  were  ignited  with  }  g  of  Mg-KOO^  powder. 

Some  ignition  delays  were  measured  with  10  g  and  15  g  charges  of  standard  igniter  pyrotechnics,  viz 
powdered  Mg-KNOj  (flame  temperature  at  6.9  MNm'2,  Tff3260  K)  and  pelleted  B-KNOj  (Tf  •  3100  K)  under 
different  degrees  of  confinement. 

2. k  Heat  Transfer  from  Pyrogens 

Mean  rates  of  heat  transfer  from  pyrogens  operating  in  a  dummy  motor  with  an  inert  charge  (ICI 
Silcoset  105)  cast  In  the  shape  of  Motor  I  filling  (Fig.  1)  were  determined  from  the  total  temperature  rise 
of  "surface  calorimeters",  i.e.  copper  capsules  of  known  heat  capacity  mounted  flush  in  the  surface  of  the 
dummy  charge.  The  capsules  were  shaped  as  spools  to  restrict  the  area  of  contact  with  the  charge,  and  so 
reduce  heat  exchange,  and  carried  a  thermocouple.  Heat  transfer  measurement  with  such  a  gauge  is  subject 
to  many  errors,  particularly  where  the  response  time  is  lengthy,  as  In  the  present  case  (a  few  seconds). 

The  results  must  thus  be  regarded  as  approximate,  pending  confirmation  by  the  successful  application  of 
gauges  which  measure  instantaneous  heat  flux. 

3.  RESULTS 

3. I  Ignition  Delays 

3.1.1  Py  roqens 

Ignition  delay  is  plotted  logarithmically  against  pyrogen  mass  discharge  rate  for  Motor  I  (plastic 
composite)  in  Figs.  3  and  k  and  for  Motor  II  in  Fig.  5  (cast  composite)  and  Fig.  6  (plastic  composite). 

The  dotted  line  In  Fig.  k  reproduces  the  line  drawn  In  Fig.  3.  (When  results  are  available  over  a  wider 
range  of  motors  it  will  be  more  informative  to  have  the  abscissa  units  in  mass  flow  rate  per  unit  area  of 
conduit  cross-section.) 

For  all  these  plots  the  data  are  reasonably  well  correlated  with  a  straight  line  for  each  pyrogen 
propellant  for  delays  down  to  about  0.01  sec;  for  shorter  delays  the  data  are  more  scattered  but  suggest 
that  the  delay  becomes  less  sensitive.  If  not  Insensitive,  to  the  pyrogen  discharge  rate. 

With  Motor  I  the  slopes  are  -  1.6  (pyrogen  propellant  A),  -  l.k  (B),  -  l.k  (C)  ,  -  1.5  (E)  and  -  l.k  (F). 
With  Motor  1 1  a  the  slope  is  -  1.2  (A)  and  with  lib  It  is  -  1.5  (F).  The  points  to  date  with  the  double¬ 
base  pyrogen  (0)  In  Figs,  k  and  6  are  too  few  for  graphing. 

’  -2 

The  pressures  generated  by  the  pyrogens  In  the  me  -s,  before  ignition,  ranged  up  to  1  MNm 
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3.1.2  Pyrotechnics 

With  pyrotechnics  the  mass  burning  rate  and  the  ignition  delay  could  not  be  established  as  satisfac¬ 
torily  as  with  the  pyrogens.  The  results  are  therefore  displayed  as  large  circles  In  Figs,  4,  5  and  6; 
the  particular  pyrotechnics  are  not  specified  in  the  Figs,  as  only  a  general  comparison  of  the  two  cla.es 
of  Igniter  Is  sought  here.  No  significant  difference  in  igniting  power  is  apparent. 

The  shortest  ignition  delays  were  achieved  with  Mg-PTFE-Vi ton  grain  burned  as  a  choked  charge. 

3.1.3  Effect  of  ambient  tenperature 

The  effect  of  ambient  temperature  on  ignition  delay  is  being  examined  by  firings  at  -40°C  and  +bO°C 
as  well  as  at  ambient  temperature.  Provi  s  iona  I  I  y  it  is  judged  that  the  lengthening  of  the  delay  as  the 
temperature  Is  reduced  is  primarily  due  to  the  effect  of  the  lowering  of  the  burning  rate  of  the  pyrogen. 

3.2  Heat  Transfer 


The  heat  flux  peaked  some  two  thirds  of  the  distance  down  the  conduit.  Apart  from  these  peaks  the 
difference  in  heat  flux  between  the  tip  (T)  and  base  (B)  of  the  star  (Fig.  1)  was  rarely  more  than  25$  and 
the  variation  down  the  conduit  was  much  less  than  this,  with  the  exception  of  the  area  adjacent  to  the 
head  end  where  the  flux  was  always  lowest. 


In  view  of  this  near  uniformity  of  flux  it  appeared  justifiable  to  use  the  mean  value  here,  particu¬ 
larly  as  the  achievement  of  10$  of  full  Motor  I  pressure  corresponds  to  the  ignition  of  about  half  of  the 
charge  area®. 


Measurements  have  been  made  with  propellants  A,  B  and  D.  A  and  B  were  selected  as  they  gave  the 
least  deposit.  (The  thicker  the  deposit  the  less  accurately  does  the  present  technique  measure  the  heat 
flux  during  the  ignition  delay.)  Fig.  7  gives  the  plot  of  log  mean  heat  flux,  Q,  against  log  igniter  mass 
efflux,  m, .  Q  varies  as  m  to  the  power  0.84  for  propellant  A  and  0.82  for  B.  The  points  for  0  are  more 
scattered  but  ft  is  generally  some  25$  lower  than  A  and  B. 

The  results  in  Figs.  4  and  7  provide  the  data  for  a  log  plot  of  ignition  delay,  tjg,  against  Cl.  In 
Fig.  8  values  of  tj  for  both  A  and  B  over  the  range  0.1  sec  to  0.01  sec  are  well  correlated  with  Q  on  a 
single  straight  line  (slope  -  1.8).  (Corresponding  values  for  D  cannot  be  plotted  here  until  a  graph  for 
0  can  be  drawn  in  Fig.  4.) 


The  product  of  ft  and  t.^  reveals  the  propellant  ignition  energy,  Q.  The  log  plot  of  Q.^  vs  ft,  is  a 

reasonably  straight  line  of  slope  approx  i  ma  tel  y-0 .8 ,  with  a  suggestion  of  a  deflexion,  or  even  an  inversion, 
of  slope  when  ft  rises  above  about  4  MNm"^  (100  cal  cm"?  sec"')  -  see  Fig.  9. 


4.  PISCUSSION 
4. I  Ignition  De I  ays 
4.1.1  Gene  ra  I 

If  the  straight  line  relationship  revealed  in  all  the  log  plots  of  motor  ignition  delay,  tjg,  with  the 
pyrogen  mass  flow  rate,  m,  noted  first  by  Beyer  et  al°,  holds  at  all  generally  it  should  prove  a  highly 
practical  one  in  developing  such  an  igniter  for  any  specific  task.  All  but  one  of  the  present  plots  are 
close  to 
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4.1.2  Effect  of  condensed  phase  in  igniter  products 

The  presence  of  a  solid  or  liquid  in  igniter  products  could  affect  heat  transfer  in  three  main  ways: 


1)  Any  deposition  on  the  propellant  would  initially  enhance  the  heat  transfer  rate. 

2)  After  transient  heat  conduction  any  deposit  would  then  act  as  a  thermal  insuiant. 

3)  The  gas  velocity,  and  hence  the  convective  heat  transfer,  for  a  given  mass  flow  rate  would  be 
lower  the  greater  the  proportion  of  condensed  phase8.  (The  pressure  induced  in  the  motor  would 
similarly  be  lower  -  an  effect  which  can  increase  propellant  ignition  energy3*9t  10  ) 


Propellant  A  (Table  I)  was  expressly  formulated  to  be  free  of  any  solid  product.  (It  was  the  absence 
of  catalyst  that  made  it  inconvenient  to  extend  the  rate  of  pyrogen  efflux  to  give  a  better  overlap  with 
the  other  propellants.)  In  contrast  C  and  F  were  aluminized  composites  whose  products  contained  some  17$ 
of  solid  matter.  In  spite  of  the  fact  that  their  theoretical  combustion  temperatures  were  higher  than  that 
of  A  by  270  K  and  520  K  respectively,  they  gave  longer  ignition  delays  (in  Motor  l)  then  did  A  (Fig.  4)  for 
a  given  total  mass  flow  rate.  It  appears  that  the  effect  of  these  higher  temperatures  on  the  heat  flux  was 
offset  by  such  factors  as  (2)  and  (3)  above.  (Heat  transfer  considerations  call  for  the  adoption  of  mass 
rate  of  flow  of  gas  only  for  the  abscissae  units  of  such  plots  as  Figs.  3  to  6.  In  Fig.  3  the  line  for  C 
and  F  would  then  be  displaced  by  some  17$  to  lower  flow  rates,  a  move  which  would  align  it  closely  with  the 
plot  for  A.) 


Significant  build-up  of  deposit  (In  the  absence  of  condensation)  under  Igniter  action  probably 
requires  appreciable  adhesion  between  deposit  and  propellant  surface.  Under  heating  double-base  propellants 
soften  wore  readily  than  composites  so  particles  way  adhere  w>re  readily. 

With  ffc>tor  I  la  two  points  for  pyrogen  propellant  F  fall  at  shorter  ignition  delays  than  cor  respond! ng 
points  for  A  (Fig.  5)  .  As  propellant  F  is  identical  with  that  of  the  motor  It  may  be  that  there  Is  an 
advantage  in  such  pairings,  other  things  being  equal. 

Paradoxical ly  the  products  of  the  most  efficient  igniter  material  tested,  viz  Mg-PTFE-VI ton ,cons l s t 
almost  entirely  of  condensable  vapour,  the  only  permanent  gas  (HF)  being  formed  from  the  very  small  amount 
of  hydrogen  in  the  VI  ton.  Condensation  (of  Mg  and  MgFj  In  this  case),  as  distinct  from  impingement  of 
particles,  may  thus  achieve  more  effective  heat  transfer  than  purely  convective  flow. 

4.1.3  Py  rotechnl cs 

The  calorimetric  values  of  non-metal  1 1  zed  propellants  are  typically  only  one  half  to  two  thirds  of 
those  of  standard  igniter  pyrotechnics.  Nevertheless  no  appreciable  difference  In  igniting  power  Is 
apparent  at  similar  mass  rates  of  burning. 

The  superior  heating  power  of  the  pyrotechnics  Is  no  doubt  counterbalanced  to  soma  extent  by  the 
factors  discussed  In  the  preceding  section.  Moreover  the  difference  In  heating  power  is  not  reflected  to 
the  same  extent  In  the  difference  In  their  theoretical  flame  temperatures.  However,  there  Is  evidence  that 
some  of  the  pyrotechnic  escapes  from  the  motor  before  combustion  Is  complete. 

4.2  Heat  Transfer 

4.2.1  Thermal  model 

Before  considering  the  experimental  results  In  detail  it  is  useful  to  define  the  temperature  history 
of  the  surface  of  a  sample  receiving  heat  at  a  constant  rate,  ft.  Neglecting  heat  losses,  phase  change  and 
sel f-heat I ng 
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where  the  surface  temperature  Is  initially  Tu  rising  to  Ts  after  t  i  nr  t;  k  Is  the  thermal  conductivity, 
p  is  the  density  and  c  Is  the  specific  heat  of  the  sample  (Ref.  11). 

The  simplest  model  of  ignition  of  a  propellant  Is  that  based  on  the  concept  of  an  ignition  tempera¬ 
ture,  such  that  when  the  propellant  surface  reaches  this  level  Ignition  follows  virtually  instantaneously . 
We  see  from  the  above  expression  that  If  this  model  of  Ignition  Is  strictly  obeyed  then  the  ignition  delay 
1 1  nr  t  j  (j  Is  related  to  the  constant  heat  flux  4  by 

t.  «  4‘2  (<•) 

am)  a  log  plot  of  ij()  against  (J  should  bn  a  straight  line  with  a  gradient  of  -  2.  Furthermore  the  Ignition 
energy 

%  '  N  (s) 

should  be  Inversely  proportional  to  the  heat  flux. 

4.2.2  Heat  t ran s f e r  with  py rogen  mas s  flow 

In  Fig.  8  the  straight  line  log  plot  of  tjtJ  against  0  has  a  slope  not  of  -  2  but  of  -  1.8. 

(Correspondingly  Qj(J  varies  not  as  6  *  but  as  ft"®***  -  see  Fig.  9.)  A  gradient  of  less  than  -  2  Implies 
that  the  calculated  surface  temperature  at  the  1 1  nr  of  Ignition  Increases  with  the  applied  heat  flux. 

This  continuous  Increase  In  the  temperature  at  which  rapid  reaction  occurs  as  the  heating  rate  Is  increased 
may  he  associated  with  the  chemical  Induction  period  referred  to  In  the  Introduction.  Alternatively  the 
slope  may  have  been  modified  because  the  definition  of  Ignition  delay  here  includes  a  'filling  time*  for 
the  motor  pressure  to  rise  by  10'T.  of  Its  final  Increase. 

Studies  of  the  ignition  of  propellant  by  radiant  energy  have  already  detailed  this  sort  of  relation¬ 
ship  between  Ignition  delay  and  heat  f  I  ux*  ,  and  have  shown  that  at  values  of  ft  above  about  4  mWm  : 

(100  cal  cm’2  s“M  the  Ignition  energy ,  Qj«, tends  to  become  constant  or  even  to  Increase  at  around  atmos¬ 
pheric  pressure.  There  Is  perhaps  a  suggestion  of  the  latter  In  Fig.  9.  At  high  values  of  ft  the  ignition 
energy  also  becomes  sensitive  to  pressure. 

For  the  two  pyrogens  examined  (propellants  A  and  B)  the  rate  of  heat  transfer  was  found  to  be  a 
function  of  the  mass  flow  rate 


12  M 

In  1 1  up  with  other  Igniter  work  *  .  This  I  •.  the  cl«"lml  relationship  for  convective  heat  transfer  In 

cylindrical  pipe*  with  turbulent  flow*'.  For  strict  application  of  the  simple  thermal  model  described 
above,  for  which 
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we  would  thus  expect 


t|ga/h‘’-6  .  (7) 

As  the  slopes  found  (Figs.  J  to  6)  ranged  from  -  1.6  to  -  1.4  (with  one  exception)  the  deviation  from  the 
model  seems  small  enough  to  permit  Its  continued  use  as  a  guide  In  the  development  of  pyrogens.  Certainly 
the  results  confirm  the  overriding  importance  of  heat  transfer  (convective  with  smaller  diameter  motors) 

In  the  performance  of  rocket  Igniters.  They  also  suggest  that  the  present  heat  transfer  measurements  are 
not  too  Inaccurate;  what  errors  occur  are  thus  presumably  either  of  second  order,  or  else  they  tend  to 
offset  each  other. 

The  fact  that  the  rate  of  heat  transfer  to  the  motor  charge  varies  as  Hi®'®  means  that  the  proportion 
of  Igniter  heat  which  is  lost  In  the  efflux  from  the  motor  varies  as  iir  .  Heat  transfer  measurements 
revealed  that  at  a  pyrogen  mass  flow  rate  of  0.15  kg  s*'  In  Motor  I  some  50%  of  the  Igniter  heat  Is  so 
Most*.  This  heat,  of  course,  has  still  played  an  important  role  In  maintaining  gas  pressure  In  the  motor 
and  thus  lowering  the  ignition  energy  required  and  therefore  enhancing  the  rate  of  flame  spread  over  the 
charge  surface. 


4.2.3  Double-base  pyrogen 

The  lower  rates  of  heat  transfer  noted  so  far  with  double-base  pyrogens,  at  mass  burning  rates  up  to 
0.2  kg  s**,  explain  the  longer  ignition  delays  with  these  igniters.  These  results  are  disappointing 
Insofar  as  double-base  propellant  would  be  required  for  a  smokeless  pyrogen;  the  cause  Is  probably  the 
adhesive  deposit  which  propellant  0  produced. 


5.  CONCLUSIONS 

(These  conclusions  refer  to  ignition  of  composite  propellant  charges  In  small  motors  by  pyrogens  with 
a  single  axial  Jet.  Their  wider  application  has  yet  to  be  tested.  Moreover  those  Involving  heat  transfer 
are  based  on  data  which  are  both  more  limited  and  approximate. ) 


I)  Motor  ignition  delay,  tjq,  Is  a  function  of  the  mass  discharge  rate  of  the  pyrogen,  fn,  and  Is  generally 
close  to 


'9 


c-1-5 


for  ignition  delays  between  0.01  and  0.10  seconds. 

The  product  ihtjq,  l.e.  the  quantity  of  Igniter  charge  expended  up  to  the  moment  of  I  gn  1 1  Ion  ,varl  es 
as  Hi*  "  ■  5 . 


2)  The  mean  rate  of  heat  transfer  to  the  motor  charge,  4,  is  a  function  of  ih: 

n  a.0-8 
Q  a  m 

3)  The  ignition  delay  Is  thus  a  function  of  the  rate  of  heat  transfer.  Approximately 


‘ig  “  Q 


The  product  $t|  ,  l.e.  the  ignition  energy  of  the  propel  I  ant  ,thus  varies  as  Q 


■0.8 


4)  The  presence  of  a  condensed  phase  in  the  products  of  the  igniter  tends  to  Impair  its  performanc"  when 
comparisons  are  made  at  the  same  mass  rate  of  burning. 

5)  Pyrogens  with  propellant  charges  perform  as  well  as  pyrotechnic  igniters  with  the  exception  of  the 
Mg-PTFE-VI ton  composition  when  burned  as  a  choked  charge. 
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Fig.  1  Propellant  charge  shapes 
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SUMMARY 

Erosive  burning  occurs  when  free  strean  convection  modifies  the  rate  of  heat  transfer  from  the 
combustion  rone  to  the  surface  of  the  propellant.  Analysis  of  a  wide  range  of  rocket  motors  firings 
indicates  that  erosive  burning  can  be  correlated  by  a  boundary  layer  "blow  off"  criterion.  A  momentum 
integral  boundary  layer  theory  can  be  used  to  predict  the  boundary  layer  re-attachment  point  in  a  rocket 
motor  conduit,  with  acceleration  of  the  combustion  gnsea  in  the  conduit  as  an  important  modifying  force. 
Consideration  of  the  energy  balance  in  the  boundary  layer  then  providea  a  means  of  relating  boundary 
layer  thickness  with  burning  rate  including  both  normal  and  erosive  burning  effects.  The  ratio  of  the 
laminar  sub-layer  thickness  to  the  combustion  zone  thickness  is  expected  to  be  the  controlling  term  in  the 
energy  integral. 


NOMENCLATURE 


F  ' 
P  ■ 

“w  ' 
T8 


U 

X 

y 

*L  - 

Sk 

h  - 

t  - 
%  - 


conduit  cross-sectional  area 
constant  in  equation 

mass  fractionAi  ammonium  perchlorate  in  propellant 
height  of  flame  zone  above  surface  of  propellant 
enthalpy  of  gas  at  main  stream  temperature 
enthalpy  of  gas  at  propellant  surface  temperature 
burning  rate  constant 
exponent  in  Cf  Q  equation 
exponent  in  burning  rate  equation 
pressure 

burning  surface  perimeter 

heat  transfer  rate  to  the  propellant  surface 
local  propellant  burning  rate 

-  apparent  surface  temperature  of  propellant 

-  temperature  in  free  stream 

-  temperature  at  propellant  surface 
gas  velocity 

auxilliary  function  in  boundary  layer  integration  procedure 
distance  downstream 
distance  normal  to  surface 
laminar  sub-layer  thickness 

boundary  layer  momentum  thickness 

auxilliary  function  in  boundary  layer  integration  procedure 
viscosity 
density 
T  A 

C^f 


-s 

'f,o 


AH  -  chemical  energy  release  by  combustion 

AHe  •  enthalpy  rise  in  combustion  gas  between  surface  and  free  stream 
AH®  -  enthalpy  rise  in  solid  propellant  between  bulk  and  surface 


AH' 


-  heat  of  combustion  of  ammonium  perchlorate 


AHj’.p  -  heat  of  degradation  of  ammonium  perchlorate  in  condensed  phase 
AH“’  f  -  heat  of  sublimation  of  ammonium  perchlorate 
4H8,b  -  heat  of  degradation  of  bin<jer 

Non-dimensional  numbers 


-  skin*f?iction  coefficient 


cj  -  skin  friction  coefficient  without  blowing  at  the  same  value  of  Re, 
Fr,°-  blowing  rate  (^u)^/(/u)g 


K 

Ms 

Pr 

Re. 

Re‘ 

St1 


blowing 

-  acceleration  nusbeF 

-  Mach  number 

-  Prandtl  number 

-  momentum  thickness  Reynolds  number 

-  Reynolds  number  based  on  length  along  flow 

-  Stanton  number 
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1.  INTRODUCTION 


Erosive  burning  occurs  when  free  stream  convection  modifies  the  rnte  of  heat  transfer  from  the 
combustion  rone  to  the  surface  of  the  propellant.  It  will  lead  to  pressure  peaks  in  the  early  phases  of 
burning  in  a  rocket  motor,  and  to  non-uniform  burning  over  the  surface  of  the  charge.  In  many  instances 
it  represents  a  natural  limit  for  the  designer  of  a  rocket  motor,  and  accurate  definition  of  the 
conditions  under  which  it  occurs  is  important.  There  is  a  continuing  Interest  at  FEHME  Westcott  in 
elucidating  the  nature  of  the  phenomenon  and  in  developing  prediction  techniques  of  use  in  real  rocket 
motor  designs.  This  paper  represents  a  situation  report  on  the  current  status  of  this  work,  following 
a  previous  paper  presented  at  the  1978  *1**  Propulsion  Conference  (l).  Some  of  the  results  presented  will 
be  common  to  both  papers. 


It  seems  apparent  that  erosive  burning  occurs  due  to  the  interaction  between  the  boundary 
layer  and  the  combustion  sone,  and  it  is  possible  to  correlate  experiments!  motor  firings  using  the  non- 
dimenaional  group  associated  with  "blow-off"  of  transpired  boundary  layers  (see  Fig.1  and  Section  2) : 


Her*  F  is  the  ratio  of  the  mass-flux  from  the  burning  surface  to  the  mass-flux  along  the  wall  in  the  free 
stream  (fu)  /(fu)  ,  and  is  called  the  "blowing  rate".  Re  is  the  Reynolds  number  based  on  length  along  the 
surface.  ThJ  widely  used  correlation  of  Lenoir  and  Robillard  (2)  can  be  written  in  terms  of  this  group: 


.0288  Pr**67, 


»a(-53  F)  1 
FR.x0-7  ) 


“here  AH  and  AH  _  are  the  enthalpy  rise  of  the  propellant  in  the  solid  and  the  gsa  as  it  progresses  to 
combustion.  The  iquation  is  known  to  overpredict  the  burning  rate  in  large  motors  (see  Section  3) ,  and 
the  suspicion  remains  that  the  exponential  term  should  also  carry  an  Re^  factor. 


The  major  theoretical  difficulty  with  the  Lenoir  and  Robillard  theory  is  that  it  assumes  that 
the  convective  heat  transfer  to  the  propellant  surface  can  be  added  to  the  already  existing  transfer  of 
heat  from  the  combustion  sone  (largely  conduction).  In  reality  the  heat  transferred  to  the  surface  will 
depend  only  on  the  temperature  gradient  in  the  gas  close  to  the  surface,  and  the  efrects  of  convection 
and  conduction  must  interact.  The  height  of  the  combustion  sone  above  the  propellant  surface,  for  example, 
may  be  expected  to  increase  if  the  burning  rate  increases. 


A  succesful  theory  of  erosive  burning  must  therefore  cope  with  the  following  problems: 

(i)  It  must  integrate  the  heat  transfer  modes  of  normal  burning  and  erosive  burning 
into  a  single  variable  describing  boundary  layer  interactions. 

(ii)  It  must  explain  the  effectiveness  of  an  F  Re  correlation  in  relating  the 
behaviour  of  motors  with  quite  different  axial  flo*  conditions. 

(iii)  It  must  give  similar  correlations  against  F  Re  for  double  base  and  composite 

propellant  motors.  x 

(ir)  II  must  explain  the  fact  that  Increasing  the  motor  conditioning  temperature 
increases  the  degree  of  erosive  burning  taking  place  (an  observation  which  does 
not  follow  directly  from  the  F  Re  “  relation). 

(v)  It  is  desirable  if  the  same  theorj  could  also  explain  possible  "negative  erosion" 
effects  which  are  sometimes  reported  on  the  threshold  of  the  positive  erosive 
burning  region. 


2.  EXPERIMENTAL  EVIDENCE 

A  large  number  of  experimental  motor  firings  investigating  erosive  burning  effects  have  been 
carried  out  over  the  years  at  FEHME  Westcott.  Typically  theaa  motors  have  been  designed  with  a  flat 
theoretical  pressure-time  curve,  and  erosive  burning  has  appeared  as  an  initial  pressure  peak.  The  ratio 
of  the  maximum  to  the  minimum  pressure  during  the  main  part  of  the  firing  will  ^hen  provide  a  measure 
of  the  extent  of  erosive  burning.  This  can  be  correlated  with  a  value  of  T  Re  *c  for  a  point  at  the 
nozzle  end  of  the  charge  at  the  point  of  initial  peak  pressure,  as  in  Fig.  1.* 

The  data  shown  in  Fig.1  cover  operating  pressures  from  5  HFa  to  75  MPa,  conduit-to-throat  area 
ratios  from  1.1  to  4,  propellant  burning  rates  at  7  MPa  from  8  mm/e  to  mm/e  (for  cwaposite  propellants), 
10  separate  charge  designs  (conduit  shapes),  both  platonlced  double  base  and  plastic  composite  propellant 
types,  and  a  range  of  Reynolds  number  (Re  )  from  6  to  500  million.  Considering  the  diverse  range  of  data 
and  inevitable  uncertainties  in  the  experimental  outputs  the  correlation  is  remarkably  good.  A  theoretical 
curve  showing  the  predictions  of  the  Lenoir  and  Robillard  equation  (2)  for  a  family  of  motors  with  a 
tyFical  mid-range  value  of  Rex  -  10  million  and  typical  propellant  properties  has  also  been  shown. 

Erosive  burning  appears  to  reach  serious  proportions  when  F  Re  *2  is  less  than  about  0,?. 

However,  Hacksr  (3)  showed  that  for  an  isothermal,  flat-plate  boundary  layer  with  blowing  the  skin 
friction  coefficient  (and  hence,  we  would  expect,  convective  heat  transfer)  became  rero  when 

F  Rex0,2  £  0.08 

This  difference  in  value  suggests  that,  while  a  blown  boundary  layer  correlation  may  be  valid,  it  is 
necessary  to  demonstrate  that  the  different  constants  arise  out  of  the  differences  in  flow  conditions 
(temperature  gradients,  accelerated  flow)  found  in  rocket  motors.  It  also  suggests  that  the  only  valid 
experimental  environment  for  studying  erosive  burning  is  in  a  rocket  motor  where  the  correct  flow 
conditions  exist. 
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[Articular  studies  have  haen  carried  out  on  four  composite  propellant  motors.  The  mein 
chuructenstics  are  shown  in  Table  1.  Three  are  conventional  star  centre  charge  motors  covering  a  total 
impulse  range  of  26000  :  1,  and  are  of  greatest  use  in  demonstrating  the  need  for  a  Reynolds  number  term 
to  achieve  a  satisfactory  correlation.  The  analysis  of  this  motor  data  is  given  in  section  %  The 
fourth  actor  was  an  experimental  short  burning  time  motor  with  the  propellant  in  thin  vanes  separated  by 
narrow  gaps,  about  1.5  mm  wide.  These  motors  showed  quite  distinctive  erosive  burning 

behaviour. 

For  a  short  burning  time  motor  the  whole  of  the  pressure  time  curve  forma  a  transient  region, 
which  makes  analysis  of  erosive  burning  effects  difficult.  Analysis  was  achieved  by  using  the  pressure- 
time  curve  to  calculate  the  product  of  burning  surface  area  and  burning  rate  (£  r^) ,  and  to  relate  the 
ratio  of  this  to  the  theoretical  prediction  to  the  propellant  thickness  burned  on  the  basis  of  non-erosive 
burning.  The  evidence  from  these  analyses  was  that  parts  of  the  charge  began  to  burn  out  well  in  advance 
of  the  rejt  of  the  charge  -  implying  the  effects  of  erosive  burning.  The  burn-out  point  could  be  related 
to  F  Re^’*-  (see  Fig  2),  but  the  required  extent  of  erosive  burning  enhancement  would  be  well  above  that 
found  in  conventional  motors.  The  conclusion  is  that  boundary  layer  interaction  in  the  narrow  gaps 
modifies  the  erosive  burning  effect.  Thin  is  consistent  with  the  thicknesses  calculated  in  section  5.1. 


3.  LENOIR  AND  ROBILLARD  I  REDICTIONS 

Although  there  are  theoretical  objections  to  the  theory  of  Lenoir  and  Robillard  (2)  the 
equation  is  known  to  provide  moderately  accurate  results  and  allows  a  simple  basis  for  constructing  a 
pressure-time  prediction  program  for  real  rocket  motors.  The  equation  adds  convective  heat  transfer 
to  the  already  existing  transfer  of  heat  from  the  combustion  rone  without  reference  to  the  effect  that 
thin  may  have  on  the  temperature  gradient  in  the  gas  close  to  the  surface. 

A  way  of  introducing  interaction  into  this  equation  in  to  allow  the  enhanced  burning  rate  to 
modify  AH  ,  the  enthalpy  rise  of  the  propellant  as  it  progresses  towards  combustion.  This  may  be  done 
by  using  tfie  method  of  Lengelle,  Kuentrmann  and  Rendolet  (4)  to  evaluate  AH  during  the  calculation  of 
the  burning  rate  r^.  * 

Lengelle  et  al  consider  the  change  of  enthalpy  between  the  combustion  p'roducta  at  an  apparent 
surface  temperature  (T_,)  as  "seen"  by  the  main  flame,  and  the  propellant  at  its  conditioning 
temperatire  (T^)  to  be 

Hp  *  Cp  (TFL-  V  +0*?f  (  AHc.*F  *  AHs,A1) 

♦  0.7f  AHd)  A,  e  G  -  f)  AHd<  B 

where  f  is  the  mass  fraction  of  the  ammonium  perchlorate  in  the  propellant,  \H  AH  ^  and 

A  H,p  ^  are  the  heats  of  combustion,  sublimation  and  degradation  in  the  conden&Ad  pdiase  of’the  ammonium 
periulorate  respectively,  and  g  is  the  heat  of  degradation  of  the  binder  in  the  condensed  phase. 

The  value  of  the  specific  heat  of  the  propellant  Cp  can  be  taken  at  the  propellant  bulk  temperature. 

The  inclunion  of  the  propellant  conditioning  temperature  and  the  aranonium  perchlorate  solids 
fraction  in  the  term  for  AHp  means  that  these  are  modifying  influences  on  the  erosive  burning  function 
calculated  in  Lenoir  and  Robillard’a  equation.  In  fact  it  is  tempting  to  generalise  still  further  by 
observing  the  similarity  between  the  average  surface  temperature  and  the  melting  point  of  aluminium,  and 
to  suggest  that  f  should  be  the  solids  fraction  rather  than  the  ammonium  perchlorate  fraction  in 
aluminined  propellants. 

The  modified  Lenoir  and  Robillard  expression  has  been  tested  by  comparing  the  predicted  and 
measured  results  for  the  first  three  motors  described  in  Section  2. 

The  Thrush  motor  is  about  1.6  m  long,  and  contains  a  non-aluminir.ed  composite  propellant  charge. 
The  experimental  and  predicted  pressure-time  curves  are  shown  in  Fig.  t.  The  match  between  the  erosive 
burning  program  and  the  experimental  results  are  very  good  in  the  first  half  of  the  firing,  and  the 
discrepancy  in  the  second  half  is  almost  certainly  due  to  nortle  throat  erosion,  not  allowed  for  in  the 

program. 

The  Stonechat  motor  is  5* 3m  long  and  0.<kn  in  diameter,  and  contains  an  aluminired  composite 
propellant  charge.  As  can  be  seen  from  Fig  4  the  modified  expression  overpredicte  the  early  erosive 
burning  but  closely  follows  the  measured  pressure-time  curve  later  in  the  firing.  The  divergence  between 
experiment  and  theory  in  the  early  part  of  the  firing  could  be  compensated  for  by  modifying  the 
exponential  term  in  Lenoir  and  Robillard’s  expression  to  include  a  Reynolds  minder  effect.  The  effect  of 
making  this  substitution  is  also  shown  in  the  figure. 

The  Imp  XVIII  motor,  by  contrast,  is  only  15$  mm  long  and  56  mm  in  diameter.  This  also 
contains  an  aluminised  corip'osite  propellant  charge.  The  comparison  between  experiment  and  prediction  is 
shown  in  Fig  5»  The  results  can  be  expected  to  show  an  additional  initial  peak  as  a  consequence  of  the 
relative  site  of  the  igniter.  Once  again  the  general  correlation  is  good. 

Finally,  as  we  noted  in  the  introduction,  an  important  requirement  of  an  erosive  burning  model 
is  that  it  should  explain  the  fnct  that  increasing  the  motor  firing  temperature  increases  the  degree  of 
erosive  burning  taking  place.  Lenoir  and  Robillard’s  original  expression  would  tend  to  predict  a 
decrease  in  the  erosive  burning  since  F  would  remain  constant,  and  Rev  would  increase  slightly.  The 
inclusion  of  Lengelle's  expression  for  AHp  alters  this  by  allowing  the  propellant  temperature  to 
directly  affect  the  vslue  of  AHp  which  in  turn  is  modified  by  the  interpolation  calculation  for  burning 
rate.  An  example  of  this  effect  is  shown  in  Fig  6.  Here  the  enhancement  in  burning  rate  at  a  given 


KM 


poaition  on  t|i*  propellant  charge  hna  been  plotted  against  the  propellant  temperature  for  varioue  F  Re  .2 
valuea  at  *25  C.  As  can  be  seen  the  modified  expression  predicts  more  enhancement  at  higher  * 

conditioning  temperatures. 

The  effect  of  the  AF  (or  solids)  fraction  is  more  difficult  to  evaluate.  Increasing  the 
fraction  for  a  given  burning  rate  and  a  given  pressure  increases  the  enhancement.  However  in  a  real 
motor  the  riee  in  propellant  density  associated  with  the  rise  in  solids  fraction  would  cause  an  increaae 
in  pressure  and  therefore  a  riee  in  Re^.  Also  the  change  in  solids  fraction  may  alter  the  original  It.  , 
exponent  or  steady  burning  rate  of  the  propellant.  Therefore,  as  yet,  we  have  not  investigated  the 
implications  of  this  extra  term. 


5.  BLOWN  BOUNDARY  LAYER  THEORY 
5.1  Momentuai  Integral  lavelopnent 

The  boundary  layer  conditions  cloue  to  the  surface  of  a  burning  solid  rocket  motor  charge  will 
be  influenced  by  at  least  three  important  conditions.  First,  the  surface  is  evolving  gas  at  a  rate 
sufficient  under  many  conditions  to  effectively  detach  the  shear  layer  from  the  surface.  Secondly, 
there  will  be  large  temperature  gradients  in  the  gss  close  to  the  propellant  surface ,  and  finally  there 
will  be  a  large  longitudinal  acceleration  of  the  main  stream,  possibly  including  compressibility  effects. 

The  momentum  integral  equation  for  the  development  of  a  boundary  layer  of  this  sort  under 
arbitrary  compressible  conditions  may  be  written  as 


(I  ♦  Hj2)  K  Re^  «  Cf  ♦  F 

T 


where  Re^  end  Re  are  the  Reynolds  numbers  based  on  momenttm  thickness  and  flow  length  respectively,  H.  , 
is  the  shape  factor  between  displacement  and  momentum  thickness,  Ma  is  ths  Mach  number,  C  the  skin 
friction  coefficient,  and  K  is  an  acceleration  number  for  the  free-stream  ' 


K  «  du 

2  dx 


If  the  blowing  rate  F  is  sufficiently  high  the  skin  friction  coefficient  C,  wilt  fall  effectively  to 
zero.  In  a  normal  rocket  motor  with  a  constant  conduit  cross-sectional  area  A.  and  a  burning  surface 
area  varying  as  Ex  where  F  is  the  charge  perimeter,  C 


and 


so  that 


K  Re^ 


r2 


F 


d  7 2 

dx 


(r  -  «  ♦  ni2 


The  momentum  thickness  will 
rate  near  the  motor  head-end  (Fig  6), 


start  very  large  because  of  the  flow  distortion  and  high  blowing 
but  will  decay  towards  an  asymptotic  value 


*2-* 


Ac 


(2  ♦  H,,  -  M  2)  P 
1?  a 


as  x  becomes  large*  The  decay  is  fairly  rapid  (see  Fig  7  for  example)  and  the  limiting  value  will 
generally  have  been  approached  to  within  10%  long  before  erosive  burning  effects  apjear,  For  the  short 
burr ing  time  motor  described  in  section  2  this  limiting  value  of  would  be  about  0,5  mn,  which  is 
comjerable  with  the  gaps  between  opjosing  vanes*  In  this  instance  therefore*  the  assumed  boundary  layer 
profile  will  be  distorted  towards  Couette  flow  and  we  would  expect  our  boundary  layer  correlation  to 
break  down,  as  observed* 

Kutatelndze  and  Leont'ev  (f)  treat  blown  boundary  layers  by  comparing  the  skin  friction 
coefficient  to  that  without  blowing  (C-,  ),  but  at  the  same  momentum  thickness  Reynolds  number  Re^* 

In  effect  they  compare  the  distortion  the  velocity  profile  caused  by  blowing.  Defining  the  ratios 

*  5  ct/ct,  P 

and  b  g  2F/C, 

> «  o 

the  right  hnnd  Bide  of  the  momentum  integral  equation  can  be  written  as 

Cf 

— -  ♦  F  *  (+♦  b)  C, 

c  JjO 

2 
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For  a  non-isothen.al  boundary  layer  such  as  we  are  concerned  with  in  a  rocket  motor, 
Kutateladze  and  Leont'ev  suggest  that 


Ml 


bA. 

A>  cr  J 


where  b 


(p~*  l)* 

is  a  critical  value  of  b  at  which  blow-off  occurs 


~~r  lnj1  (1-/  )?)f 


where 


y>  -  t «Ag 


7*< 


It  jeeins  unlikely  that  Cf  does  fall  to  zero  at  bcr  as  suggested  by  Kutateladze  and  Leont'ev,  as  dJu/dyJ  would  then  he  negative  at 
y  =  0,  which  would  imply  recirculation.  Rather  it  seems  probable  that  Cf  falls  asymptotically  to  zero  at  large  values  of  b  (6),  and 
bct  serves  only  as  a  scaling  factor  The  temperature  gradient  has  a  significant  effect  on  bCI ,  however  For  isothermal  conditions 
bfi  =  4  For  *  =  0  25.  bCI  is  9.25  Because  combustion  takes  place  deep  within  the  boundary  layer  we  might  suspect  the  non- 
isothermal  correction  to  be  excessive  It  is.  however,  in  accord  with  our  erosive  burning  experience. 

If  we  use  the  simple  correlation  for  Cf  0 
Cfo  =  ERerm 

where  E  =  0.0252  and  m  =  0.25  for  a  I  /7th  power  law,  when  while  Cf  is  close  to  zero  and  the  boundary  layer  thickness  has  its 
asymptotic  value  4,* 


2AC  I  /rap  Px  \n 

b  =  — £•  •  -  — - «,•) 

Px  E  V  u  A,  ' 


=  Const.  xm  1 

As  we  progress  down  the  conduit,  b  therefore  decreases  until  at  about  bct  skin  friction  and  erosive  burning  effects  begin  to  be 
important. 


The  method  proposed  by  Kutateladze  and  Leont’ev  allows  the  momentum  integral  equation  to  be 
integrated,  since  the  right  hand  side  of  the  eo,uation  is  a  simple  function  of  Re„.  Assuming 
-  -  o  1  2 

1  +  m 


Re-,  =  0  when  Re^ 


Re2  =  U 


where 


and 


U  »  (1  ♦  m)  exp  (-  A  ) 


(1 


m)  I  (I 

«e 


yRe 


)  exp  ( A )  d  Re 


I!  ♦  H,J  K  d  Re 
12  x 


be  now  know  the  momentum  thickness  and  the  skin  friction  coefficient, 
this  to  the  modification  of  the  burning  rate  behaviour. 


What  is  required  is  to  relate 


5.2  Energy  Balance  Equation 

Let  ue  now  consider  the  energy  balance  in  a  section  of  the  boundary  layer  including  the  effect 
of  raising  the  gns  evolved  at  the  wall  from  the  wall  enthalpy  (H  )  to  the  enthalpy  at  the  combustion 
temperature  (Hg)  and  the  subsequent  release  of  chemical  energy  (#AH  ).  Heat  is  transferred  to  the  wall 
at  a  rate  q^,  which  is  used  to  "evaporate"  further  solid  propellant.®  The  energy  balance  is  then 


d 

dx 


u  (Ha  -  H)  dy  ♦  (/>  u)w  (Hg 


H  ) 


(/0  u)  AHe  =  0 


The  terms  in  this  equation  represent,  in  order, 

-  the  rate  of  change  of  longitudinal  enerp^  convection 

-  heat  used  in  wanning  gas  from  the  wall 

-  heat  transferred  to  the  wall,  and 

-  heat  liberated  by  combustion. 

Now  by  definition  of  the  burning  rate 


u)w  *  rb* 
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where  p  is  the  propel  lint  density,  and  we  ere  asauning 

rh  “ 

Pf «P 

where  AHp  la  the  energy  required  to  convert  unit  mass  of  the  propellant  into  gas  at  the  wall  temperature. 
If  we  make  the  energy  balance  non-dimensional ,  we  have 


the  burning  rate  will  be  proportional  to 


which  ie  a  function  of  the  boundary  layer  development.  This  has  now  solved  the  problem  of  integrating 
erosive  and  non-erosive  burning  heat  transfer  components.  In  addition,  the  left-hand  term  of  the  energy 
balance  equation  provides  a  description  of  the  enthalpy  rise  characteristics  of  the  propellant,  and  will 
be  susceptible  to  analysis  by  Lengelle's  method,  as  in  section  J.  What  we  must  now  do  is  to  show  that 
this  reduces  to  the  non-erosive  burning  case  when  =  0. 

5-3  Wor-ero6ive  burning  case 

In  the  absence  of  erosive  burning  the  propellant  combustion  zone  is  within  the  laminar  region 
of  the  boundary  layer,  and  in  a  simple  model  we  can  assume  that  heat  transfer  to  the  surface  takes  place 
by  conduction  from  the  combustion  zone  at  a  height  h  above  the  surface.  Indeed,  if  we  assume  that  the 
combustion  zone  is  located  by  a  simple  time  delay  mechanism  from  the  point  at  which  gas  is  formed  at  the 
surface  a  square  root  law  for  the  variation  of  burning  rate  with  pressure  results.  As  a  typical  example, 
the  Thrush  propellant  described  in  Ref  1,  with  a  burning  rate  of  12.4  mm/sec  at  10  MPa,  has  a  theoretical 
combustion  zone  height  of  0.0105  ram.  In  this  model,  while  the  combustion  zone  remains  undisturbed 


y  *h 


The  mass-flux  distribution  (^u)  will  depend  on  the  main  stream  value  (f>  u)  and  the  ratio 
(y/o.)  if  we  assume  that  the  boundary  layer  profiles  are  nil  essentially  similar  when  the  boundary  layer 
is  fully  blown  (du/dy  =  0  when  y  =  0) . 


That  is 


But  (®  u)  =  lx  (r(,p),  and  we  have  shown  in  section  5*1 

1  8  T 

c 

that  the  momentum  thickness  rapidly  tends  towards  an  asymptotic  value,  so  that  the  expression  is 
essentially  constant  except  very  close  to  the  head-end. 

5.1*  Erosive  burring  case 

If  boundary  layer  re-nttachnent  occurs,  the  assumptions  made  in  section  5.?  about  the  values  in 
the  energy  integral  will  be  modified.  The  most  immediate  factor  ie  that ^  will  no  longer  be  constant 
but  will  begin  tc  increase.  If  f  (y/8^,)  remains  more  or  less  the  same  sh&pe  then  the  integral  (and 
hence  the  burning  rate)  will  actually  fall.  However,  the  existence  of  skin  friction  implies  that  du/dy  £  0 


a 
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•t  j  •  0,  increasing  f  (y/r,)  for  a  given  value  of  y/V,.  The  third  modification  will  occur  if 
boundary  layer  turbulence  interacts  with  the  flame  rone,  leSding  to  a  spreading  of  the  (H  -  H)  curve, 
aleo  increasing  the  integral.  Particularly  in  this  last  case  the  important  factor  will  6e  the  relative 
sire  of  the  boundary  layer  laminar  aub-layer  and  the  combustion  rone  height. 

To  establish  the  thickness  of  the  laminar  sub-layer  in  proportion  to  we  can  investigate  the 
characteristics  of  the  unblown  turbulent  boundary  layer.  Here  the  edge  of  the  laminar  sub-layer  occurs 

when 

V  -  10 

y 

On  the  GMine  basis 

%*  *  0.006*.  Rex°’7 


*  1260  Re  -0-7 


Now  the  start  of  erosive  burning  is  when 

b  *  2T  £  b 
c—  <  cr 

f,o 

at  which  point  £\,  will  have  reached  its  asymptotic  value 

■S’,  *  _ 

F  (2  ♦  H,„  -  M 


Since  also 


F  =  A£ 
Px 


Cr  *  K  Re* 
f  ,o  2 


the  critical  value  of  x  can  be  found  as 


2Ac  1  ( - ^ "  1-B 

bcrr  '  E  ^  «12-  . 


and  the  laminar  sub-layer  thickness  as 


.0.16?  .  „  .1.167  1.87  , 

h—O;)  (£>  (»  {777^- 


for  m  »  0.25.  For  larger  motors  this  equation  suggests  that  y^  becomes  smaller,  so  that  turbulent 
interaction  between  boundary  layer  and  combustion  zone  are  more  likely. 

As  a  comparison  we  can  use  thi6  equation  to  estimate  y.  for  the  Thrush  motor  described  earlier, 
where  AcA  »  10  mm ,  and  b  e*  9.25.  At  the  point  of  boundary  layer  re-attachment  the  equation  estimates 
y,  »  0.005  mm  compared  with  a  combustion  zone  thickness  of  0.01  mm.  These  are  very  comparable.  Ve  must 
remember,  however,  that  the  equation  is  based  on  un-blown  boundary  layer  theory,  and  therefore  is  only  an 
approximate  estimate. 

Further  work  is  now  required  to  finally  elucidate  the  relationship  between  y^  and  the  energy 
integral  to  complete  ar.  integrated  erosive  burning  boundary  layer  theory. 


6.  CONCLUSION 

Evidence  from  experimental  firings  continues  to  eup-port  the  idea  that  erosive  burning  is  a 
boundary  layer  phenomenon,  occurring  when  the  normally  detached  boundary  layer  re-attaches  under  the 
influence  of  the  increasing  axial  mass-flux  down  the  rocket  motor  conduit.  Normal  burning  in  this 
situation  occurs  because  the  velocity  profiles  in  the  combustion  zone  close  to  the  propellant  surface 
remain  similar  until  re-attachment  occurs. 

Use  of  the  flame  zone  model  of  Lengelle  et  al  (h)  allows  the  Lenoir  end  Robillard  prediction  (2) 
to  be  used  to  give  realistic  pressure-time  curves  and  to  give  thr  correct  variation  of  erosive  burning 
with  propellant  conditioning  temperature.  A  more  advanced  model  is  being  developed  which  uses  a 
momentum  integral  method  to  predict  the  re-attachment  properties  of  the  boundary  layer,  and  an  energy  flux 
integral  to  predict  the  burning  rote  directly  from  the  boundary  layer  characteristics.  This  will  allow  a 
fully  integrated  approach  to  be  taken  to  the  p-roblem  of  propellant  combustion  in  rocket  motors. 
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DISCUSSION 


M.Barrere,  ONFRA,  Fr 

Your  approach  is  an  excellent  one  to  try  and  solve  this  complicated  problem  of  erosive  burning.  However  the 
combustion  in  the  boundary  layer  is  very  complicated  because  it  is  not  truly  laminar  near  the  surface.  The  boundary 
layer  is  often  destroyed  by  pockets  of  flow  and  so  whilst  it  may  be  described  as  steady,  it  is  also  unsteady.  It  is 
complex  with  respect  to  heterogeneity  in  composition  and  velocity  with  intermittency  and  heterogeneity  of  surface 
etc. 

It  may  be  possible  to  use  mean  values  as  you  have  done  but  why  don’t  you  use  the  heat  transfer  coefficient  of 
Spalding  when  considering  the  friction  coefficient  with  and  without  injection?  Isn’t  Spalding's  approach  sufficient 
to  describe  the  ’blowing  effect’. 

Author's  Reply 

The  advantage  of  a  momentum  integral  boundary  layer  approach  is  that  it  is  not  sensitive  to  the  detailed  integral 
structure  of  the  boundary  layer.  It  averages  out  many  of  these  effects.  We  do  need  to  know  something  about  the 
structure  in  the  combustion  zone,  but  even  here  we  can  average  out  effects  by  the  energy  convection  integral. 

By  Spalding's  approach  I  presume  you  mean  the  simple  correlation  of  the  reduction  in  Stanton  number  with  blowing 
rather  than  the  more  recent  differential  boundary  layer  method  espoused  by  Spalding.  The  Stanton  number  reduc¬ 
tion  approach  takes  similarity  assumptions  which  are  not  necessarily  valid  with  rocket  motors.  This  is  particularly 
so  with  high  longitudinal  accelerations  and  the  large  temperature  gradients  in  the  boundary  layer.  We  are  attempting 
to  avoid  making  this  sort  of  assumption  or  needing  arbitrary  constants  in  the  final  formulation. 


COMPOSITE  PROPELLANT  BURN  RATE  MODELING 


Norman  S.  Cohen 

Norman  Cohen  Professional  Services 
Redlands .  Cali fornia 


SUMMARY 


The  current  status  of  the  steady-state  combustion  modeling  of  composite 
solid  propellants  is  reviewed.  Emphasis  is  placed  upon  revisions  of  original 
Beckstead-Derr-Price  (BDP)  model  premises  as  applicable  to  simple  monomodal 
AP  propellants.  Extensions  to  more  complicated  propellants  (multimodal,  etc.) 
are  discussed  also.  Typifying  results  are  presented  which  show  parametric 
trends  and  comparisons  with  data.  Areas  of  agreement  and  disagreement,  defi¬ 
ciencies  and  continuing  developments  are  pointed  out. 

NOMENCLATURE 


A  Kinetics  prefactor 

Afh  Average  flame  height  factor 
b  Characteristic  diffusion  flame  dimen¬ 

sion 

c  A  dimensionless  characteristic  length 

cn  Propellant  specific  heat  (cn  is  for 
p  the  gas) 

C  Various  floating  parameter  constants 

D0  Oxidizer  particle  size 

D'  Diameter  Intercepted  by  a  plane 

through  a  sphere 

0m  Mean  diameter  of  the  mi!)  mode 
d  Distance  regressed  from  the  top  of  an 

oxidizer  particle 
o U  Diffusion  coefficient 

E  Activation  energy 

Fd1  Log  normal  distribution  function 

Fm  Modal  weight  fraction  of  all  modes 
h  Distance  from  planar  surface  to  point 

of  particle  regression 
J(  )  Bessel  function 

k  Rate  constant 

m  Mass  flux 

mjqn  Power  in  particle  ignition  delay  law 
Molecular  weight 
JF  Local  oxidizer/fuel  ratio 

P  Pressure 

q  Heat  release 

r  Burning  rate 

r  Time-averaged  burning  rate  for  track¬ 

ing  models 
R  Gas  constant 

S  Surface  area 

soxAP  Portion  of  AP  surface  assigned  to 
stoichiometric  AP  flame  reaction 


t  Time 

T  Temperature 

Ujqn  Power  in  particle  ignition  delay  law 
v  y  Gas  velocity 

X*  Flame  height 

Y  Mole  fraction  in  decomposition  products 

a  Weight  fraction  of  ingredient  in  pro¬ 

pellant 

a*  Weight  fraction  in  pseudopropellant 

B  Fraction  of  reactants 

Y  Fraction  of  energy  from  primary  flame 
that  heats  oxidizer 

5  Interstitial  spacing 

6  With  a  subscript,  reaction  order 

n  Burke-Schumann  dimensionless  height 

above  surface 

n'  Lumped  parameter,  Eq.  ( B -  7a ) 

Root  of  Bessel  function 
♦  Stoichiometric  oxidizer/fuel  ratio 

Stoichiometric  molar  oxidizer/fuel  ratio 
X  Thermal  conductivity 

v  Ratio  of  stoichiometric  oxidizer/fuel  ratio 

to  local  oxidizer/fuel  ratio 
Vi  Dimensionless  characteristic  length, 

Eq.  ( GC -  7  d ) 
p  Density 

o  Modal  standard  deviation  of  size  distri¬ 
bution 

E  Burke-Schumann  dimensionless  radial 

posi tion 

E*  Dimensionless  flame  height 

C  Volume  fraction  of  ingredient  in  propel¬ 

lant 

t*  Volume  fraction  in  pseudopropellant 


SUBSCRIPTS 


AP  Associated  with  oxidizer  monopropellant 
flame 

AP'  Effective  value  at  monopropellant  flame 
c  Catalyst 

D  Associated  with  final  flame 

DB  Double-base  binder 

f  Binder,  or  referring  to  binder  charac¬ 
teristics 

F  Associated  with  diffusion  flame 

FF  Associated  with  final  flame 

1  i^h  particle  size 

J  Ji5  oxidizer  (or  particle  size  when 

calculating  separate  surface  tempera¬ 
tures  ) 

m  Associated  with  melting  (or  mth  mode) 


o  Initial  condition  (or  total  surface) 

ox  Oxidizer,  or  referring  to  oxidizer 

p  Propellant  as  a  whole 

P  Planar 

PD,  PF,  PDF  Associated  with  primary  flame 
(diffusion,  reaction,  total) 
s  Surface 

ss  Associated  with  subsurface  reactions 

T  Total 

v  Associated  with  a  vaporization  process 

fPF  Example  of  combined  subscript: 

fraction  of  binder  associated  with 
primary  flame  reaction 
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Most  modern  solid  propellants  are  "composite"  In  the  sense  that  powders  (also  known 
as  fillers  or  solids)  are  Included  (n  a  polymerized  medium.  On  the  scale  of  the  fillers, 
the  combustion  is  a  three-dimensional,  unsteady  process  with  a  complexity  of  sequences 
and  interactions.  Yet  the  aggregate  propellant  sample,  which  is  large  compared  to  a  filler 
particle,  burns  at  a  measurable  " s teady- s t a te "  isobaric  rate  on  the  macroscopic  scale. 

This  fact  forms  the  basis  for  the  statistical  averaging  concept  which  is  the  common  denomi¬ 
nator  of  the  models  to  be  discussed.  Work  has  emphasized  ammonium  perchlorate  (AP)  oxidi¬ 
zer-polymeric  fuel  binder  composites  because  they  have  been  of  greatest  general  Interest. 

However,  the  methodology  is  adaptable  to  composites  generally,  and  recent  work  has  been 
addressing  more  complicated  propellants. 

1  2 

The  statistical  combustion  modeling  originated  with  Hermance.  •  Basically,  the 
macroscopic  propellant  is  represented  by  addressing  the  behavior  of  a  statistical  particle 
and  its  environment  on  the  microscopic  scale.  Assumptions  and  approximations  are  made  to 
convert  the  unsteady,  three-dimensional  process  to  a  steady,  one-dimensional  model.  A 
subsequent  effort  produced  the  Beckstead-Derr-Price  (BDP)  model, 3-5  which  furnishes  the 
baseline  for  this  paper.  The  BDP  model  corrected  the  shortcomings  of  the  Hermance  model. 
Incorporating  updated  experimental  knowledge  into  the  Hermance  statistical  framework.  It 
was  shown  that  a  multiple  flame  structure  was  a  satisfactory  alternative  to  the  unsupported 
Hermance  interfacial  reaction  mechanism  in  explaining  the  shape  of  the  burning  rate-pressure 
curve  as  well  as  a  number  of  other  combustion  proper t i es . 3 ,  A  At  this  juncture,  the  model 
was  limited  to  monomodal  AP  in  hydrocarbon  binders.  Subsequently,  Cohen  and  co -workers ,  5-8 
and  Beckstead,9,10  extended  the  model  to  encompass  more  complicated  propellants  in  the  same 
basic  statistical  framework .  The  ability  to  do  this,  given  a  poor  state  of  knowledge  of 
ingredient  interactions,  and  the  proper  method  to  be  used,  are  controversial  and  unresolved 
quest  ions  . 

Glick'1-13  objected  to  the  statistical  aspects  of  the  BDP  model  and,  together  with 
Condon, 14  Incorporated  the  BDP  multiple  flame  model  into  a  new  statistical  formalism.  The 
new  formalism  purported  to  correct  inconsistencies  in  the  BDP  approach,  and  better  repre¬ 
sent  the  time  and  dimension-dependent  features  of  the  combustion  on  the  microscopic  scale. 

At  the  same  time,  the  formalism  was  derived  for  multimodal  powders.  The  method  is  referred 
\o  as  the  "petit  ensemble"  model.  A  detailed  summary  has  recently  been  published  by  Condon 
and  Osborn. 15 

Another  branch  of  the  statistical  modeling  is  being  developed  by  King.'6  The  for¬ 
malism  is  more  closely  related  to  that  of  Glick,  but  is  presently  limited  to  monomodal  AP 
propellants.  The  significant  aspect  of  King's  work  is  his  attention  to  detail  in  de¬ 
scribing  the  condensed  phase  and  flame  processes. 

Another  approach  to  statistical  modeling  has  been  published  by  Strahle.'?  Strahle 
calculated  the  statistically  probable  paths  of  burning  through  a  packed  bed  of  particles 
representing  a  composite  propellant.  Without  the  benefit  of  any  particular  combustion 
process  model,  but  just  from  burnthrough  times  and  the  statistics,  he  argued  that  impor¬ 
tant  features  of  composite  propellant  burning  (such  as  the  particle  size  effect)  can  be 
demonstrated.  For  purposes  of  steady-state  modeling,  it  appears  that  Strahle's  view  is 
adequately  represented  by  the  averaging  methods  of  Hermance  or  BDP  and  their  offspring. 

For  nonsteady  phenomena,  however,  Strahle's  view  may  have  additional  s i gn i f i cance  .  1 8 

The  paper  will  concentrate  on  the  modeling  efforts  of  Beckstead,  Cohen  et  al., 

Glick  &  Condon,  and  King.  Discussions  will  be  limited  to  the  major  equations  (given  in 
the  Appendix)  and  the  similar  or  differing  ideas  and  assumptions  behind  them,  organized 
in  terms  of  the  common  elements  of  these  models.  The  reader  is  referred  to  the  source 
materials  and  their  authors  for  derivations  and  additional  details.  Typical  results  and 
comparisons  with  data  will  be  shown  to  demonstrate  the  state-of-the-art  and  support  rec¬ 
ommendations  for  continuing  work. 

THE  BASIC  PHYSICAL  MODEL 

The  BOP  view  of  an  AP  particle  and  its  environment,  photographed  at  an  Instant  of 
time  during  burning,  is  shown  in  Fig.  1.  This  general  representation  has  been  adopted 
by  the  various  modelers.  AP  is  both  a  monopropellant  and  an  oxidizer;  the  surrounding 
binder  was  limited  to  the  inert  fuel  polymer  type.  The  flame  structure  consists  of  a 
premixed  monopropellant  flame,  a  primary  diffusion  flame  involving  portions  of  the  AP 
and  binder  decomposition  products,  and  a  final  diffusion  flame  involving  the  remaining 
fuel  products  plus  remaining  oxidizing  species  following  the  monopropellant  combustion. 

Each  of  these  flames  furnishes  energy  to  the  surface  by  conduction.  In  the  case  of  the 
AP  flame,  a  one-dimensional  heat  transfer  from  a  flame  sheet  is  a  reasonable  approxima¬ 
tion.  In  the  case  of  the  diffusion  flames,  which  are  columnar  in  nature,  the  heat  trans¬ 
fer  would  be  three-dimensional  but  approximations  are  made  to  convert  the  problem  to  one 
that  is  effectively  one-dimensional.  The  contribution  of  each  flame  to  the  surface 
heating  depends  upon  the  multiple  flame  geometry.  These  allocations,  referred  to  as 
"competing  flame"  effects,  are  perhaps  the  key  feature  of  this  theory.  Two  additional 
energy  terms  are  derived  from  the  surface:  the  heat  of  decomposition  of  the  binder 
(endothermic)  and  the  heat  of  decomposition  of  the  AP  (net  exothermic).  Heterogeneous 
surface  reactions,  the  key  feature  of  the  Hermance  model,  are  not  included.  All  of  the 
energy  terms  combine  to  raise  the  temperature  of  the  solid  from  its  initial  bulk  tempera¬ 
ture  to  the  surface  temperature.  A  uniform  surface  temperature  is  assumed,  and  thermal 
properties  are  taken  to  be  constant  average  values.  The  uniform  surface  temperature  is 
recognized  to  be  a  poor  assumption,  but  the  limited  way  that  the  binder  enters  into  the 
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model  renders  It  of  minor  Importance. 

The  model  focuses  upon  calculation  of  the  AP  surface  temperature,  and  Its  burning 
rate  as  an  Arrhenius  function  of  the  surface  temperature.  The  binder  is  assumed  to  fol¬ 
low  along  in  accordance  with  continuity  to  preserve  the  propellant  formulation.  The  lo¬ 
calized  burning  rate  at  the  time  of  the  photograph  is  then  the  total  mass  flux  divided  by 
the  propellant  density.  Assuming  a  representative  particle  at  a  representative  time,  this 
burning  rate  is  the  propellant  burning  rate. 

In  order  to  apply  continuity  and  Implement  some  of  the  constitutive  relations  in  the 
multiple  flame  model,  something  must  be  known  about  the  surface  structure:  specifically, 
exposed  ingredient  surface  areas  and  characteristic  dimensions.  It  is  known  that  AP  par¬ 
ticles  may  protrude  above  the  adjacent  binder  plane  or  be  recessed  into  that  plane,  depend¬ 
ing  mainly  upon  the  pressure.  Thus  the  surface  is  bumpy,  because  of  the  AP,  as  illustrated 
in  Fig.  1.  The  binder  is  taken  to  be  a  planar  surface.  The  surface  is  given  an  idealized 
representation  to  try  to  capture  the  essence  of  the  problem  in  a  tractable  way. 

The  BOP  idealization  of  the  surface,  again  followed  by  others  in  general  terms,  is 
shown  in  Fig.  2.  This  figure  depicts  the  geometric  relationship  of  an  AP  particle  to  the 
burning  surface.  The  propellant  is  viewed  as  a  packed  bed  of  spherical  particles,  with 
binder  filling  the  interstitial  spacings.  The  burning  surface  is  a  random  planar  cut 
through  this  packed  bed.  Half  of  the  particles  are  cut  below  their  centerline  and  ha  1 f 
above.  The  statistical  average  diameter  of  intersection  has  been  computed^  to  be  /i/3  Dg. 
BOP,  Beckstead  and  Cohen,  et  al.  use  this  statistical  average  as  the  representative  par¬ 
ticle  configuration.  In  Fig.  2,  the  intersection  is  shown  above  the  particle  centerline 
and  the  intersection  diameter  is  the  statistical  average  D'.  The  burning  surface  of  the 
AP  is  assumed  to  be  a  spherical  segment.  The  position  of  this  segment  at  the  time  of  the 
photograph  is  given  by  how  far  the  AP  burns  from  the  top  (accounting  for  ignition  delay) 
in  the  time  that  it  takes  the  binder  to  regress  from  the  top  (first  exposure  of  the 
particle)  to  the  plane  of  intersection.  If  the  AP  is  able  to  outrace  the  binder,  the 
spherical  segment  would  be  dished  down  rather  than  up.  The  same  analysis  is  applied  to 
the  particle  cut  below  its  centerline,  and  computation  of  the  surface  structure  becomes 
a  matter  of  geometry  accounting  for  both  particle  groups.  The  parameter  b  is  a  character¬ 
istic  dimension  used  in  the  diffusion  flame  analysis.  Here,  then,  is  one  approach  for 
averaging  out  the  microscopic  time-dependency  of  the  combustion. 

Glick  &  Condon,  and  King,  have  taken  a  different  approach  to  the  time-dependency. 

They  go  to  the  trouble  of  computing  the  surface  and  flame  geometries  as  a  function  of 
time  for  discrete  time  steps  as  the  plane  moves  down  from  the  top  of  the  particle  to  the 
bottom.  There  is  no  statistical  average  O',  but  a  D'  which  varies  with  time.  This  pro¬ 
cedure  is  illustrated  by  Fig.  3.  The  propellant  burning  rate  is  not  represented  by  the 
single  photographed  state  described  above,  but  rather  as  the  time  average  of  an  integrated 
motion  picture.  The  method  has  intuitive  appeal  because  it  more  closely  resembles  the  way 
that  propellants  actually  burn.  However,  comparisons  of  results  between  the  two  methods 
show  such  little  difference  that  the  BDP  statistical  averaging  method  can  be  deemed  a  good 
approximation  after  all. 

ANALYSES  FOR  M0N0M0DAI  AP/ INERT  BINDER  PROPELLANTS 
Continui ty  Relations 

The  continuity  relations  are  given  by  Eqs.  (1).  Cohen  retains  the  original  BDP  ex¬ 
pression.  Glick  &  Condon  argue  that  my  should  be  associated  with  the  total  planar  sur¬ 
face  rather  than  the  total  actual  surface.  They  reason  that  propellant  burning  rate  is 
with  reference  to  a  plane  of  regression.  BDP  believed  that  mass  is  derived  from  a  total 
surface,  so  attempting  to  extract  a  single  "burning  rate1'  from  the  behavior  of  a  two- 
component  system  in  this  way  requires  use  of  the  total  actual  surface.  Hermance  used  the 
planar  surface,  and  King  concurs;  Beckstead  follows  BDP.  The  point  has  not  been  resolved, 
and  does  not  make  much  difference  in  computed  results.  Beckstead,  with  active  binder  pro¬ 
pellants  in  mind  (to  be  discussed  later),  no  longer  requires  the  binder  to  follow  the  oxi¬ 
dizer  to  preserve  the  formulation.  Thus,  mfSf  needs  to  be  computed  separately.  This 
raises  Interpretation  problems  to  be  discjssed  later.  King,  also,  separates  the  oxidizer 
and  binder  components  because  he  feels  that  forcing  the  formulation  to  be  preserved  here 
leads  to  inconsistencies  elsewhere  in  the  model. 

As  noted  earlier,  the  foregoing  equations  in  the  King  and  Glick  4  Condon  models  apply 
at  each  of  several  states  In  the  history  of  the  burning  particle.  Thus,  the  additional 
step  of  Eqs.  (la)  is  required.  A  difference  in  method  is  apparent.  One  numerically 
approximates  a  time  integral,  whereas  the  other  averages  the  mass  flows  over  all  of  the 
Increments .  King  discussed  a  number  of  possible  averaging  methods, 16  but  reported  results 
based  on  the  equation  shown  while  admitting  the  assumption  that  each  Increment  is  weighted 
equally  even  though  the  times  differ.  Another  problem  is  raised  by  the  fact  that  particle 
burn-out  generally  occurs  prior  to  the  time  that  the  binder  plane  would  have  reached  the 
bottom  of  the  particle.  King  refers  to  this  problem  as  the  "end  game",  and  ties  it  to  the 
averaging  question.  Glick  4  Condon  exclude  the  post-consumption  increments  from  the  sum¬ 
mation  with  the  interpretation  that  residual  material  is  dispensed  with  (fills  empty 
pockets,  forms  a  char  or  is  blown  away).  King  includes  the  post-consumption  increments  in 
the  averaging  as  Increments  having  zero  mass  flow,  but  expresses  uncertainty  about  it.  In 
order  to  resolve  this  problem,  it  appears  necessary  to  expand  the  scope  of  tracking  to 
accommodate  more  particles.  This  is  not  likely  to  happen  because  of  the  effort  required 
and  because  the  credibility  of  the  model  and  its  results  does  not  hinge  upon  this  issue. 
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All  of  the  models  use  the  same  ingredient  decomposition  relations,  Eqs.  (2a)  and  (2b). 
Surface  Area  Relations 

Cohen  and  Beckstead  follow  BOP  in  expressing  S0X/SQ,  but  account  for  the  two  sets  of 
particle  groups®  (see  Eqs.  (3-5)).  Glick  &  Condon  apply  the  same  geometric  analysis,  but 
written  in  general  terms  to  cover  the  general  plane  of  intersection.  If  Sgx  is  normalized 
by  $0  rather  than  Sp,  Eq.  (GC-3)  would  become  identical  to  Eq.  (B-3)  for  D'  *  /2/3  DQ  and 
one  overall  h  ( h  p  =  h  ^ )  .  Thus  the  analyses  are  consistent  when  viewed  on  a  common  basis. 

Glick  A  Condon  also  follow  the  BDP  particle  ignition  delay  for  purposes  of  computing  dnv 
and  h. 

King  concurs  with  Glick  &  Condon,  but  with  two  exceptions,  (see  Eq.  (K-3)).  King  does 

not  Impose  an  ignition  delay  so  the  AP  has  a  head  start  relative  to  the  other  models.  Con¬ 
sensus  would  hold  this  omission  to  be  error,  but  it  does  not  seem  to  have  an  important 

bearing  on  the  results  for  AP  propellants.  Second,  King  computes  Sp  as  a  function  of  df  by 

tracking  a  burn  path  through  a  closest  packing  particle  array  In  the  direction  in  which  the 
lattice  spacing  is  minimum.  0  He  does  this  to  begin  to  account  for  the  overlapping  layers 
of  particles  existing  in  highly  loaded  propellants,  but  Sp  (and  its  two  components,  which 
are  also  computed)  then  becomes  a  complicated  function  of  oxidizer  volume  fraction,  particle 
size  and  planar  location.  Since  the  planar  areas  are  functions  of  geometry  only,  they  can 
be  generated  as  external  inputs  to  the  iterative  portions  of  the  problem.  Sox,  of  course, 
remains  coupled  into  the  problem. 

A  consequence  of  the  tracking  approach  is  a  considerable  shift  in  Instantaneous  0/F 
ratio.  Glick  &  Condon  assume  a  constant  and  0/F  ratio  in  the  course  of  tracking  to 
avoid  the  problem,  but  King  is  disturbed  about  resulting  inconsistency  between  model 
geometry  and  mass  flow  contributions.  This  problem  seems  to  be  but  another  consequence 
of  a  tracking  approach  that  does  not  go  far  enough. 

Characteristic  Surface  Dimension 


Cohen  follows  BDP  as  to  the  characteristic  surface  dimension,  b  (see  Eqs.  (C-6)  and 
C-6a)).  5  is  computed  by  summing  all  of  the  D'  along  the  line  of  Intersection,  subtracting 
that  total  from  the  total  length,  and  dividing  by  the  total  number  of  particles  along  the 
line.  It  is  the  width  of  binder  between  each  particle  along  that  line.  Half  ‘he  width, 
plus  half  of  D',  is  the  dimension  b.  Note  that  Eq.  ( C - 6  a )  can  compute  positive  values  of 
6  for  cpX  in  excess  of  0.9  even  though  a  packed  bed  of  unimodal  spheres  could  never  even 
approach  that  volume  fraction.  The  reason  is  that  the  statistical  plane  of  intersection 
is  away  from  the  equator,  so  there  is  room  for  &  to  be  squeezed  artifically.  Clearly,  this 
approach  should  not  be  used  for  monomodal  propellants  wherein  aox  exceeds  about  70%  (for 
AP  and  typical  binders).  BDP  never  violated  that  limitation,  ana  continuing  criticisms 
of  the  approach1 3-l ®  are  incorrect. 

With  multimodal  propellants  in  mind,  Glick  S  Condon  adopted  a  different  approach  which 
has  since  been  followed  by  Beckstead.  Essentially,  the  fractional  area  of  Intersection  of 
a  plane  through  a  packed  bed  of  spheres  is  equal  to  the  volume  fraction  of  the  spheres.10’19 
Stated  another  way,  the  fraction  of  planar  surface  occupied  by  oxidizer  is  c0x-  ^  Applying 
this  principle  to  the  single  particle  configuration  yields  Eq.  (GC-6).  From  Beckstead's 
point  of  view,  an  interesting  question  is  whether  the  Intersection  providing  the  statisti¬ 
cal  average  planar  area  ratio  is  consistent  with  the  intersection  providing  the  statistical 
average  D'.  Glick13  has  plotted  6/ 0 0  as  derived  from  the  two  approaches,  and  the  difference 
is  roughly  205!  for  between  0.4  and  0.5.  The  BDP  plane  is  located  a  bit  further  from  the 
equator  than  the  area  distribution  plane,  so  there  is  a  small  Inconsistency  in  b  in  the 
direction  of  excess  fuel.  On  the  other  hand,  Eq.  (GC-6)  departs  significantly  from  its 
premise  for  the  general  D1  in  the  course  of  tracking.  The  approach  takes  on  more  signifi¬ 
cance  for  multimodal  propellants;  for  monomodal  propellants,  it  Is  still  constrained  by  the 
practical  upper  limit  for  ^,x. 

King  adheres  to  the  geometry  existing  at  each  increment  of  tracking,  Eq.  (K-6). 

Flame  Heights 

The  diffusion  flame  analysis  has  moved  in  several  different  directions  from  the 
original  BDP  version.  All  continue  to  be  based,  in  one  way  or  another,  on  the  Burke- 
Schumann  analysis21  of  a  coaxial  Bunsen-burner  flame  as  modified  by  Williams.22  Referring 
to  Fig.  2,  the  analogy  of  the  surface  to  the  mouth  of  a  coaxial  Bunsen  burner  is  evident. 

The  inner  oxidizer  jet  is  of  diameter  O',  and  the  outer  fuel  jet  extends  from  D'  to  b. 

King  makes  one  preliminary  change  to  accommodate  the  Burke-Schumann  assumption  that 
the  gas  jet  velocities  are  equal.  He  assumes  that  the  surface  areas  somehow  adjust  im¬ 
mediately  in  the  gas  phase  to  meet  this  requirement.  Thus  O'  adjusts  to  a  new  value  given 
by  Eq.  (K-6a).  Implicit  in  BDP  and  the  other  models  is  that  the  velocities  somehow  adjust 
Immediately  to  a  value  consistent  with  mT/pp  to  meet  this  requirement.  One  artificiality 
replaces  another.  It  is  possible  to  make  too  much  of  this  issue  because  Burke-Schumann 
does  not  consider  a  concaved  inner  mouthpiece,  a  displaced  inner  mouthpiece  or  the  presence 
of  a  competing  monopropellant  reaction  inside  the  diffusion  flame  envelope.  For  this  and 
other  reasons,  Beckstead  and  Cohen  have  essentially  abandoned  Burke-Schumann  model  calcu¬ 
lations  but  have  retained  a  key  property  of  the  solution  for  one  limiting  condition. 

The  Burke-Schumann  analysis  provides  a  series  solution  relating  the  axial  and  radial 
coordinates  where  mixedness  is  achieved  relative  to  stoichiometry  and  the  flame  is  located. 
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There  are  two  possible  solutions,  one  where  the  flame  closes  over  the  oxidizer  jet  and  one 
where  It  bends  over  the  fuel  jet.  The  BDP  model  produces  the  former  situation,  which  Is 
consistent  with  the  physical  picture  of  Fig.  1,  but  wide  swings  In  0/F  ratio  possible  In 
other  models  (or  other  propellant  types)  can  encounter  the  latter  situation.  The  BOP  model 
made  two  important  simplifications  to  reduce  computational  time.  First,  it  limited  the 
calculation  to  the  center  of  the  oxidizer  particle  and  assumed  a  parabolic  flame  shape  to 
avoid  calculating  the  entire  flame  shape.  Second,  it  limited  the  calculation  to  the  first 
term  of  the  infinite  series.  Gllck  &  Condon1®  have  shown  that  this  is  not  a  good  approxi¬ 
mation,  although  it  does  provide  a  closed  form  expression  for  the  flame  height.  In  further 
studies  of  the  properties  of  the  solution,  Beckstead^  concluded  that  the  limiting  condition 
of  a  "short  flame"  was  reasonably  representative  of  the  regime  of  interest.  The  expression 
for  the  diffusion  length  becomes  Eq.  (8-7).  The  factor  Afh  converts  the  parabolic  flame 
Into  an  effective  flame  sheet  for  purposes  of  one-dimensional  heat  transfer  to  the  surface. 
It  represents  that  fractional  height  of  the  parabola,  which,  as  a  sheet,  would  average  the 
parabola.  Cpo  is  an  optimized  proportionality  constant  (“floating  parameter").  Since  n' 
remains  fairly  constant  for  a  given  propellant  chemistry,  and  $i=3.83,  Beckstead  has  con¬ 
sidered  making  X*pQ  simply  a  constant  times  b  in  his  more  recent  work. 

Cohen  has  taken  the  same  approach,  but  his  expression  for  X*pg  is  Eq.  (C-7).  The 
placement  of  n'  in  the  denominator  rather  than  the  numerator  is  an  old  error,  but  of  little 
consequence  because  ri1  is  fairly  constant  for  a  given  propellant  chemistry.  Thus,  the 
Cohen  value  for  Cpp  is  different  from  the  Beckstead  value  such  that  Eqs.  (B-7)  and  (C-7)  are 
essentially  the  same  numerically.  For  AP  propellants,  the  value  of  Cpo  used  by  Cohen23  has 
remained  unchanged  for  nearly  10  years,  so  this  "floating  parameter"  has  become  venerable. 

Glick  A  Condon,  and  King,  retain  the  formal  analysis  (see  Eqs.  (GC-7)  and  ( K- 7 ) ) . 

Since  King  and  Glick  &  Condon  anticipate  wide  variations  in  0/F  ratio,  both  solution  cases 
are  contained.  Approximately  10  terms  of  the  series  are  carried.  Glick  S  Condon  follow 
BDP  by  calculating  the  peak  location,  Jo ( ♦ i € )  =  1  -  king,  to  avoid  a  singularity  at  stoichio¬ 
metric  proportions,  iterates  for  the  point  where  only  90%  of  the  mixedness  is  achieved. 24 
To  also  avoid  repetitive  case-to-case  computations,  King24  has  parametrized  his  solution  in 
the  form  of  look-up  correlations  by  running  an  extensive  set  of  calculations  externally  to 
the  combustion  model.  King  also  writes  v  in  terms  of  mole  fractions  rather  than  weight 
fractions,  and  accounts  for  portions  used  up  in  subsurface  reactions  not  considered  by  the 
other  models.  King  is  the  only  one  who  accounts  for  changes  in  v  in  the  course  of  tracking, 
and  who  does  not  use  an  average  flame  height. 

Glick  A  Condon  follow  BDP  in  expces s i ng o5/ v  (see  Eq.  ( GC - 7e ) ) .  King  has  a  slightly 
different  temperature-dependence  fortff,  and  expresses  v  in  terms  of  the  oxidizer  character¬ 
istics  (with  the  adjusted  area)  rather  than  in  terms  of  mj  (see  Eq.  ( K - 7 e ) ) . 


In  all  of  the  models,  the  diffusion  flame  height  is  the  sum  of  the  mixing  height,  X*pg, 
and  the  kinetics  reaction  distance  X*pf.  king  expresses  X*pp  from  an  approximation  of 
Zeldovich  premixed  flame  theory.  The  others  follow  BDP,  which  used  an  approximation  of 
von  Karmfn  laminar  flame  theory.  All  of  the  models  assume  that  the  primary  flame  achieves 
the  thermochemical  flame  temperature.  King  accounts  for  changes  in  the  thermochemistry  with 
0/F  in  the  course  of  tracking.  The  AP  monopropellant  flame  height  is  similarly  expressed, 
see  Eqs.  (9).  Beckstead  has  computed  the  effect  of  the  final  flame  to  be  negligible  in  the 
surface  energy  balance  because  of  its  distant  location  (it  is  always  furthest  away,  by  model 
definition).  Thus,  he  has  removed  it  from  the  BDP  surface  energy  balance,  but  keeps  it  in 
the  model  in  order  to  properly  compute  Tap  by  accounting  for  the  heat  transfer  from  the 
final  flame  to  the  AP  flame.  This  process  is  consistent  with  the  physical  model,  and  is 
also  accounted  for  by  Glick  and  Condon.  Cohen  agrees  that  the  final  flame  is  negligible, 
but  has  retained  it  in  the  BDP  surface  energy  balance.  The  Beckstead  approach  is  the  cor¬ 
rect  one  because  the  final  flame  serves  to  heat  the  AP  flame  rather  than  superpose  with 
the  AP  flame  in  heating  the  surface.  However,  the  error  is  minor  so  long  as  the  effect  of 
the  final  flame  is  small.  King  omits  the  final  flame  completely.  The  final  flame  height 
is  given  by  Eqs.  (10).  Taking  the  AP  flame  as  the  starting  point  for  the  mixing  region  of 
the  final  flame  is  consistent  with  the  physical  model.  However,  the  computation  of  X*g  may 
contain  a  serious  conceptual  error  because  it  is  computed  in  the  same  manner  as  X*pg,  with 
the  same  characteristic  dimensions.  The  characteristic  dimensions  should  not  be  the  same 
above  the  surface  as  they  were  at  the  surface.  An  argument  can  be  made  that  they  are 
smaller,  which  could  have  a  significant  impact  upon  high  pressure  results  which  are  cur¬ 
rently  in  error.  The  omission  of  a  reaction  distance  for  the  final  flame  is  of  negligible 
effect.  All  of  the  flame  heights  are  non-dimens  1 ona 1 1  zed  in  accordance  with  one-dimensional 
heat  transfer  analysis  in  the  gas  phase,  see  Eq.  (11).  King  uses  mp  for  the  flames,  which 
appears  to  be  inconsistent  with  his  definition  of  gas  velocity.  Beckstead,  Cohen  and 
Glick  A  Condon  use  mp  for  the  primary  flame  but  m0„  for  the  other  flames;  although  this  may 
be  consistent  with  the  physical  picture,  it  is  no  longer  possible  to  interpret  a  consistency 
with  the  Burke-Schumann  requirement  of  uniform  velocity.  Beckstead  and  Cohen  avoid  the 
issue  to  the  extent  that  they  evolve  away  from  Burke-Schumann. 

Energy  Balance 

The  energy  balance  as  written  by  BDP  is  followed  by  Cohen  and  Click  A  Condon  (see 
Eq.  ( C - 1 2 ) ) .  The  flame  terms  are  in  the  form  of  one-d 1  mens  1 ona 1  heat  transfer  analysis 
from  a  flame  sheet.  The  superposition  of  the  AP  flame  and  the  final  flame  is  considered 
to  be  error.  Glick  and  Condon  properly  feed  the  energy  from  the  final  flame  back  to  the 
AP  flame  for  purposes  of  Eq.  (9a),  but  not  here.  For  purposes  of  Eq.  (9a),  Eq.  (9b)  is 
used.  The  Bp  term  is  an  attempt  to  partition  the  AP  reactants  between  the  primary  flame 
on  the  one  hand  and  the  sequence  of  the  AP  and  final  flames  on  the  other  hand.  Since  this 
could  not  be  done  in  the  diffusion  analysis,  it  is  done  by  projecting  the  flame  areas  on 
the  planar  surface  of  the  AP.  The  AP  and  final  flames  project  on  the  same  inner  circle, 
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the  primary  flame  projects  on  the  remaining  outer  annulus.  Thus,  the  partitioning  can  be 
interpreted  as  one  based  upon  geometric  zones  of  energy  influence'®  (a  quasi  two-dimen¬ 
sional  effect),  but  it  is  meant  to  be  based  upon  species.  This  is  how  the  competing  flame 
feature  of  the  model  becomes  operative. 

Beckstead  now  writes  an  energy  balance  for  each  oxidizer  and  binder.'®  This  is  done 
primarily  with  active  binder  propellants  in  mind,  but  is  applicable  to  inert  binders  also. 
However,  all  of  Beckstead's  results  (to  be  shown  later)  are  based  upon  an  earlier  version'^ 
having  the  single  energy  balance.  In  keeping  with  the  present  discussion  (simple  propel¬ 
lants),  the  simpler  version  will  be  used  here.  The  extended  version  and  its  problems  will 
be  deferred  to  later  discussion.  The  simpler  version  can  be  written  as  Eq.  ( B - 1 2 )  . 

Beckstead  now  includes  detailed  species  partitioning  in  expressing  Q'AP-  For  purposes  of 
the  present  discussion,  it  can  be  obtained  from  Eqs.  (9b)  and  (12a).  All  of  the  other 
Eq.  (12)  relations  are  the  same.  In  this  simpler  version,  mpSf  is  not  computed  separately 
but  follows  the  oxidizer  to  preserve  the  formulation. 

King  makes  two  changes  from  the  BPP  approach.  First,  there  is  a  partitioning  of  sur¬ 
face  energy  terms  to  account  for  more  surface  processes.  Second,  the  diffusion  flame  is 
taken  to  release  its  heat  uniformly  over  the  diffusion  distance  rather  than  singularly 
at  the  flame  height.  This  method  approximates  distributed  reactions.  King  also  accounts 
for  differences  in  specific  heats,  but  a  constant  specific  heat  version  will  be  shown  here 
to  facilitate  comparison  with  the  other  models.  The  result  is  Eq.  (K-12).  The  fraction 
of  AP  reacted  in  subsurface  reactions,  60XSS,  is  determined  by  integrating  the  Arrhenius 
equation  in  a  reactive  layer  but  assuming  a  nonreactive  thermal  profile.  This  is  error. 

The  analysis  for  a  thin  reactive  melt  layer  has  been  performed  by  Bowyer  &  Cohen. 25  The 
reactive  layer  thermal  profile  is  nearly  linear  which  is  quite  different  from  the  exponen¬ 
tial  profile  assumed  by  King.  With  B0XSe  thus  defined,  Bfss  is  determined  assuming  that  a 
stoichiometric  amount  of  fuel  reacts  with  the  oxidizer  in  the  subsurface  reactions.  Sub¬ 
surface  reactions  involving  both  oxidizer  and  inert  binder  are  not  generally  accepted.  The 
Bp  from  the  BDP  model  (but  without  Af^)  may  be  isolated  in  King's  equation,  but  the  overall 
competing  flame  partitioning  is  seen  to  be  complicated  by  distributed  heat  release. 

The  foregoing  equations  are  solved  by  a  numerical  iteration  because  surface  temperature, 
surface  areas,  mass  flux  and  flame  heights  are  all  interdependent. 

Monopropel 1  ant  Mode  1  Developments 

Several  recent  models  have  been  developed  to  describe  the  deflagration  of  the  monopro¬ 
pellant  powder  Ingredients  (AP,  HMX  and  RDX).26.27  These  models  offer  a  potentially  signifi¬ 
cant  improvement  to  the  composite  propellant  models  because  description  of  the  monopropellant 
is  a  necessary  part.  The  present  treatment  in  the  statistical  models  may  be  too  simplified, 
although  Beckstead28  has  argued  that  it  is  adequate.  The  new  developments  are  more  detailed, 
and  address  additional  processes  beneath  the  surface  and  in  the  gas  phase.  It  has  been  sug¬ 
gested  that  comprehensive  monopropellant  models  could  conveniently  be  incorporated  into  the 
composite  propellant  models  by  parametrizing  the  monopropellant  solutions.  Thus,  tables 
could  be  called  for  AP,  HMX,  etc.  in  the  course  of  the  propellant  solution  procedure.  It 
would  be  analogous  to  what  King  has  done  with  the  Burke-Schumann  diffusion  model.  The  mono¬ 
propellant  modeling  work  is  continuing. 

EXTENSIONS  TO  MULTIMODAL  AND  ACTIVE  BINDER  PROPELLANTS 

Glick  A  Condon 

In  the  Glick  A  Condon  view,  there  is  no  such  thing  as  a  unimodal  propellant.  This  is, 
of  course,  true  in  the  sense  that  no  propellant  is  made  with  particles  which  are  literally 
all  of  one  size.  Thus,  they  make  a  distinction  between  "monod i sperse "  (all  sizes  the  same) 
and  " pol yd i sperse"  (a  distribution  of  sizes  about  some  mean)  in  referring  to  any  given 
''particle  size"  that  is  Incorporated  into  a  propellant.  Similarly,  the  distinction  is  made 
for  multimodal  propellants  which  are  monodisperse  or  polydi sperse .  The  polydisperse  pro¬ 
pellant  is  subdivided  into  part i c 1 e -bi nder  pairs,  one  for  each  size,  which  are  called 
"pseudopropellants".  Glick  &  Condon  obtain  the  propellant  burning  rate  by  summing  the  pro¬ 
portional  contributions  of  each  pseudopropellant  to  the  mass  flux.  The  procedural  relation 
is  given  by  Eq.  ( GC -14).  The  heart  of  theproblem  is  the  monomodal  model  presented  previ¬ 
ously,  which  determines  the  mean  state  myt  of  each  size  D-|.  This  is  summed  over  all  sizes 
in  the  mHL  mode,  each  component  being  weighted  in  accordance  with  a  log-normal  size  distri¬ 
bution  function  representing  its  proportional  amount.  The  log-normal  distribution  is  a  very 
good  representation  of  size  distributions  Incorporated  Into  propel  1  ants Results  are 
then  summed  over  all  m  modes  for  the  J tjh  oxidizer,  each  mode  weighted  in  accordance  with  its 
fraction  of  the  total  solids.  For  a  monomodal  AP  propellant,  j«l,  m*l  and  Fm«l.  Lastly, 
results  are  summed  over  all  j  oxidizers.  In  this  framework,  a  different  model  for  a  dif¬ 
ferent  oxidizer  would  be  reflected  in  the  method  of  calculating  mTi.  Glick  &  Condon  have 
not,  however,  performed  any  computations  for  mixed  oxidizer  propellants. 

The  remaining  task  is  to  define  L*pX.  or  the  amount  of  binder  to  be  allocated  to  oxi¬ 
dizer  in  each  pseudopropellant.  Glick  A  Condon  argue  that,  considering  the  manner  in  which 
particles  are  packed  and  wetted  in  real  propellants,  the  relation  is  not  simply  based  on  a 
weight  proportion.  One  though  might  be  to  apportion  based  on  particle  surface  area,  con¬ 
sidering  wetting  only,  and  this  has  been  adopted  by  Beckstead  in  his  current  work.  Glick  A 
Condon  prefer  to  leave  it  as  a  floating  parameter  particle  size  dependence.  The  result 
is  Eq.  (GC-15).  C*ox  replaces  r,gX  In  all  of  the  constitutive  relations  for  mTj.  It  can 
be  verified  that  C*0Xt«C0x1  ®or  CN  =  3,  which  would  be  the  simple  weight  proportioning. 

CN«2  corresponds  to  proportioning  based  on  surface  area  (current  Beckstead).  Parametric 
results  for  an  87. 4T  AP/HTPB  propellant  are  shown  in  Figure  4.  Note  that,  for  Cn<-3, 


fine  sires  become  fuel-rich  and  coarse  sizes  become  oxi di zer- r 1 ch .  This  is  taken  into 
account  In  the  mixture  ratio  and  thermochemistry  of  each  size.  Note  also  that  it  impacts 
the  characteristic  dimensions  and  other  size-dependent  aspects  of  the  problem.  As  might 
be  expected,  the  burning  rate  of  each  pseudopropellant  is  sensitive  to  the  value  of  CN 
(especially  for  the  finer  sizes). >3  The  propellant  burning  rate  becomes  largely  a  question 
of  the  extent  to  which  the  finer  sizes  contribute.  In  any  event,  essentially  all  of  the 
published  results  are  for  CN  =  3,  so  C*ox1-£ox1  anyway. 

Probably  the  .hief  criticism  of  Glick  &  Condon  here  is  that  the  gross  propellant  be¬ 
havior  cannot  simply  be  a  summation  of  uncoupled  and  non- 1 n terac t i ng  parts.  Secondarily, 
there  are  Implicit  violations  of  formulation  continuity  because  the  contributions  are  not 
constrained  to  their  proportions  as  formulated.  The  Interpretation  of  inactive  leftover 
material  leaves  something  to  be  desired. 

Beckstead  and  Cohen,  et  al.  Methods 

Beckstead  and  Cohen  have  two  model  versions,  which  might  be  called  old  version®*9  and 

current  version. 8,10  i„  each  case,  the  distinguishing  feature  Is  the  number  of  surface 

temperatures  calculated.  In  the  old  version,  only  one  surface  temperature  is  calculated. 
Beckstead  superposed  up  to  three  contributing  diffusion  flames  (trimodal  oxidizer)  in  a 
single  energy  balance.  Essentially,  Eq.  (12)  was  expanded  for  three  sets  of  competing 
flames  with  formulation  continuity  preserved  completely.  The  characteristic  dimension  of 
each  flame  was  calculated  by  assuming  that  the  smallest  particle  is  part  of  a  higher 
density  binder  as  far  as  the  larger  particles  are  concerned,  and  that  the  space  occupied 
by  larger  particles  Is  gone  from  a  shrunken  propellant  volume  as  far  as  the  smaller  parti¬ 
cles  are  concerned.  Eq.  ( B - 7 )  was  used  to  compute  each  diffusion  length.  Cohen  and  Price 

with  Derr  calculated  a  single  diffusion  flame  based  on  an  average  characteristic  dimension 

for  bimodal  oxidizer.  Cohen  used  the  BDP  method  to  calculate  an  average  6,  which  is  open 
to  question  for  multimodal  packings  because  the  particles  are  not  all  lined  up  as  they  are 
in  the  unimodal  array.  Since  Cohen-Pri ce-Derr  calculated  one  surface  temperature  from  a 
single  energy  balance,  formulation  continuity  was  preserved.  With  respect  to  surface 
structure.  Cohen- Pr i ce-Derr  superposed  each  contribution  to  S0»  according  to  volume  fraction 
(the  size-dependence  is  in  t i g n .  which  Beckstead  dismissed  as  having  a  negligible  effect). 
Although  these  two  models  indicate  ways  of  treating  bimodal  or  trimodal  oxidizer,  through 
averaging  and  superposition,  they  are  too  simple  and  not  physically  satisfying.  The  new 
versions  were  aimed  toward  mixed  oxidizer  and  active  binder  propellants,  but  could  be 
applied  to  multimodal  propellants  also.  Cohen  and  Price  with  Strand  have  published  results 
with  the  new  version,8  but  Beckstead  has  not  as  yet. 

The  new  version  continuity  relations  for  a  dua 1 -ox i d i zer  active  binder  propellant  are 
given  by  Eqs.  ( B - 1 4 )  and  (C-14).  The  only  difference  between  the  two  equations  is  that 
Beckstead  calculates  the  planar  binder  area  explicitly,  from  binder  volume  fraction, 
whereas  Cohen-Pri ce-Stra nd  constrain  the  binder  area  to  that  remaining  after  the  oxidizer 
areas  are  calculated.  There  is  an  inconsistency  in  Beckstead's  method  because  the  oxidizer 
surface  is  not  generally  planar.  For  inert  binders,  Cohen-Price-Strand  preserve  continuity 
as  between  binder  and  total  oxidizer  by  replacing  the  binder  term  in  analogous  fashion  to 
Eq.  (C-l).  For  active  binders,  they  assume  that  the  binder  burns  with  such  independence 
that  the  binder  burning  rate  (as  a  monopropellant)  can  be  input  directly  for  rf.  Beckstead 
calculates  a  separate  surface  temperature  for  the  binder,  and  does  not  preserve  either 
oxidizer-oxidizer  or  ox  1 d 1 zer-bi nder  continuities,  whether  the  binder  is  active  or  inert. 
Either  way,  the  binder  burning  rate  is  a  function  of  its  surface  temperature  in  accordance 
with  Eq.  (2b). 

Cohen  continues  to  calculate  a  {  by  the  BDP  method,  but  now  extends  it  to  4  particle 
sizes  to  accommodate  two  bimodal  oxidizers.  His  intent  was  to  use  the  old  version  model 
for  each  bimodal  oxidizer,  and  the  new  version  to  couple  the  two  oxidizers.  Cohen  uses 
this  scheme  for  mixed  nitramine  propellants  where  the  diffusion  flame  is  less  significant 
(see  later),  but  does  not  recommend  a  4-particle  calculation  in  this  way  where  AP  is  in¬ 
volved.  The  equation  for  6  is  cumbersome8  and  will  not  be  reproduced  here.  Given  this  6, 
b  for  each  oxidizer  is  1/2  the  sum  of  {  and  the  appropriate  D‘.  Thus,  there  are  two  sets 
of  multiple  flames,  one  for  each  oxidizer,  requiring  two  energy  balances  for  two  surface 
temperatures.  The  Beckstead  b  for  each  particle  is  now  given  by  Eq.  (B-6),  but  requires 
the  proper  c*0x  In  accordance  with  dick's  approach.  Beckstead  takes  Cu  =  2  and  obtains 
(by  independent  derivation)  Eq.  (B-15),  which  is  consistent  with  Eq.  ( GC -15).  The  t*0xj 
is  used  to  compute  a  diffusion  flame  temperature  for  each  particle.  The  resulting  drop 
in  local  flame  temperature  is  significant  and  requires  the  insertion  of  another  floating 
parameter  to  adjust  the  flame  height.  Cohen-Price-Strand,  who  do  not  use  this  approach, 
assume  that  the  propellant  flame  temperature  is  applicable  to  both  flames.  An  argument 
can  be  made  for  that  assumption  in  the  case  of  multimodal  propellants,  but  it  is  not 
physically  consistent  or  realistic  for  mixed  oxidizer  propellants. 

The  Cohen-Price-Strand  energy  balance  for  each  oxidizer  (or  particle,  when  using  this 
approach  for  bimodal  propellants)  is  given  by  Eq.  (C-16).  The  (moxSox)  summation  can  be 
related  to  «r  through  Eq.  (C-14).  For  inert  binder,  it  is  simply  mxS0  times  the  summation 
of  c»oxJ-  Note  that  the  energy  balance  and  binder  are  apportioned  in  accordance  with  cxi- 
dizer  mass  flow.  It  is  through  this,  the  dependence  of  diffusion  flame  height  on  mT ,  and 
the  fact  that  mT  as  computed  for  j-1  must  equal  that  as  computed  for  j*2,  that  the  solution 
is  said  to  be  "coupled". 
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Beckstead's  energy  balance,  following  some  manipulation  is  for  each  oxidizer  (or  size) 
given  by  Eg.  (B-16).  For  the  binder,  it  is  Eq.  (B-17).  The  elaborations  stem  from  the 
desire  to  assign  species  and  energy.  Portions  of  the  AP  and  binder  go  to  the  primary  flame 
(Bp).  A  portion  of  the  AP  reacts  s to i ch i omet ri ca 1 1 y  in  the  AP  flame  (Bap)-  Remaining 
species  go  to  the  final  flame.  A  portion  of  the  primary  flame  heats  the  AP  (y),  the  re¬ 
mainder  heats  the  binder;  the  assigned  proportion  is  arbitrary.  If  the  binder  is  active, 
there  is  another  flame  term  which  is  treated  like  the  AP  flame  (but  with  different  kinetics 
constants).  A  detailed  model  of  double-base  propellant  combustion  is  not  used.  The  portion 
of  binder  species  which  do  not  go  to  the  primary  flame  go  to  the  "double-base"  flame  (6ng). 
It  is  plausible  that  fuel  species  from  an  active  binder  can  form  a  primary  flame  with  tne 
AP  decomposition  products,  and  there  is  experimental  evidence  for  such  interaction. 
Beckstead's  solution,  like  Cohen's,  is  coupled  but  there  are  more  terms  to  keep  track  of. 
Both  have  reported  some  difficulties  with  the  iteration,  which  may  be  symptomatic  of  re¬ 
maining  inconsistencies.  This  is  going  to  be  a  problem  as  the  modeling  gets  more  compli¬ 
cated,  and  merits  careful  attention. 

Although  the  new  versions  are  more  physically  appealing  than  the  old  ones,  the  viola¬ 
tions  of  continuity  continue  to  be  disturbing.  It  may  be  necessary  to  provide  additional 
terms  or  mechanisms  to  restore  continuity  in  fact. 

OTHER  MODEL  EXTENSIONS 

Aluminized  Propel  1  an t s 

Cohen,  Glick  A  Condon  and  the  old  Beckstead  version  treat  aluminum  in  a  very  simplified 
way.  Its  presence  is  accounted  for  in  the  computation  of  oxidizer  volume  fraction  wherever 
that  is  used  in  the  model.  It  is  as  though  the  binder  were  a  higher  density  material. 
Second,  the  flame  temperature  used  accounts  for  the  thermochemistry  of  the  aluminum.  Thus 
the  flame  energy  is  Increased.  Third,  a  heat  of  fusion  term  is  added  to  the  energy  balance 
since  aluminum  particles  generally  melt  and  agglomerate  at  the  surface.  The  current 
Beckstead  model  is  the  first  attempt  to  incorporate  the  details  of  aluminum  behavior  in  a 
propellant  combustion  model.  The  model  is  described  reasonably  well  in  Ref.  (10).  Only  a 
brief  statement  of  what  is  done  will  be  given  here. 

The  aluminum  occupies  space  as  in  the  simple  model.  The  heat  of  fusion  term  is  added 
to  the  oinder  energy  balance  only,  because  the  aluminum  is  in  the  binder.  Rather  than  use 
a  new  thermochemical  flame  temperature  to  redefine  Qpp  and  Qrr.  new  flame  heat  release  terms 
are  added  to  the  oxidizer  and  binder  energy  balances.  The  otner  multiple  flame  thermo¬ 
chemistry  remains  as  before,  as  though  no  aluminum  were  present.  This  approach  is  probably 
a  better  representation  of  how  the  aluminum  contributes.  The  heat  release  terms  represent  a 
sum  of  contributions  from  "parent  aluminum"  (particles  as  formulated)  and  "agglomerated 
aluminum".  Beckstead  determines  the  fraction  agglomerated,  the  agglomerate  size,  and  the 
"flame  height"  for  parent  and  agglomerated  aluminum  by  combining  theories  of  aluminum 
behavior,  correlations  of  experimental  data  and  calculations  of  particle  motion  off  the 
surface.  The  essential  result  of  this  model  is  that  aluminum  burning  occurs  too  far  away 
from  the  surface  to  contribute  anything  significant  to  the  surface  energy  balance.  An 
exception  would  be  fine  parent  particles  which  do  not  agglomerate,  but  that  is  a  contradic¬ 
tion  because  fine  particles  are  found  to  agglomerate  quite  extensively.  The  calculated 
ignition  and  burning  distances  are  reasonable  in  the  light  of  what  is  observed  from  motion 
pictures  of  burning  propellants. 

The  simple  and  sophisticated  models,  and  data  in  general,  indicate  that  aluminum  per  se 
has  a  small  effect  upon  burning  rate.  For  most  practical  propellants,  the  effect  appears  to 
be  rather  one  of  removing  oxidizer  or  binder  or  both  to  make  room  for  the  aluminum.  Ex¬ 
ceptions  may  be  explained  by  surface  interaction  effects  which  lower  burn  rate,  or  circum¬ 
stances  whereby  there  are  many  fine  particles  burning  to  raise  burn  rate.  The  former  is  not 
addressed  at  all  in  the  model,  and  the  latter  would  require  a  more  refined  description  of 
the  aluminum  behavior.  Beckstead  has  made  use  of  existing  knowledge  in  a  tractable  way,  and 
it  is  a  good  step  forward. 

Catalyzed  Propellants 

The  models  treat  catalysts  by  modifying  one  or  more  of  the  kinetics  constants  contained. 
An  optimization  or  calibration  is  performed  in  association  with  burning  rate  data  to  try  to 
deduce  the  principal  parameter  affected.  In  this  way,  the  model  can  help  to  discern  the 
catalytic  mechanism.  Once  the  effect  is  deduced,  the  calibrated  model  is  presumably  ap¬ 
plicable  to  other  propellants  in  that  class.  The  models  do  not  describe  a  mechanism  of 
catalysis  per  se,  and  would  not  be  able  to  predict  the  effect  of  some  new  additive  a  priori. 
More  cannot  be  done  without  detailed  knowledge  of  catalytic  processes  in  propellants. 

N itramlne  Propel  1  ants 

The  only  published  model  of  nitramine  propellants  in  the  BDP  framework  is  that  of 
Cohen,  Price  and  Strand.'*®  The  model  builds  upon  earlier  BDP  ideas  and  later  experimental 
work.23*™  The  model  modifications  take  note  of  the  different  surface  and  flame  structures 
of  nitramine  propellants,  and  the  different  physical  and  chemical  properties  of  nitramines, 
relative  to  AP  propellants  and  AP.  The  nitramines  of  greatest  interest  are  HMX  (cyclo- 
tetramethyl ene  tetrani tramine  )  and  the  very  similar  RDX  ( eye  1 ot r i me  thy 1 ene  t » i n i trami ne ) . 
These  nitramines  are  energetic  monopropellants,  and  are  fairly  well  balanced  stoichiome- 
trically  such  that  they  cannot  really  be  called  "oxidizers".  Relative  to  AP,  these 
nitramines  have  very  low  melting  points  and  bulk  melting  of  particles  has  been  observed 
at  low  heating  rates  (low  burning  rates).  At  conventional  rocket  pressures,  the  propellant 


surface  Is  a  planar  melt  consisting  of  the  nltramlne  and  binder  which  appears  to  have  ad¬ 
mixed  with  the  nltramlne  at  the  particle  peripheries . 23 , 30  At  high  pressure,  above  what 
has  been  identified  as  a  particle  size-dependent  critical  burn  rate,  the  surface  structure 
takes  on  a  markedly  different  appearance. ‘3, 30  Surface  craters  form,  which  are  Identified 
with  combustion  along  paths  of  adjoining  particles.  It  has  been  observed  that,  under  these 
conditions,  the  nitramine  particles  are  no  longer  melting.  The  flame  structure  consists  of 
an  active  primary  flame  and  the  monopropellant  flame.  It  Is  plausible  that  fuel  binder  de¬ 
composition  products  can  react  with  some  of  the  oxidizing  species  produced  by  nitramine  de¬ 
composition  to  form  a  primary  flame.  However,  a  final  flame  is  unlikely  because  there  Is 
nothing  left  to  react  the  excess  fuel.  In  the  case  of  an  active  binder,  even  a  primary 
flame  is  unlikely  because  both  Ingredients  are  s to i ch i ome t r i ca 1 1 y  balanced  and  experiments 
have  shown  no  interaction.  Other  physical,  chemical  and  thermochemical  constants  required 
by  the  model  will  change  relative  to  AP  propellants.  Only  a  synopsis  of  Cohen's  method  will 
be  given  here. 

New  expressions  for  S0X/S0  are  employed  to  describe  the  planar  and  cratered  surface 
states.  For  the  planar  state,  it  is  the  particle  volume  fraction  corrected  by  a  floating 
parameter  to  attempt  to  account  for  the  peripheral  binder  Interference.  For  the  cratered 
state,  it  is  an  exaggeration  of  the  BDP  model  expression  since  h/D0  can  exceed  1.  It  Is 
not  consistent  as  an  expression  of  geometry,  but  it  makes  the  essential  point  that  S0X/S0 
approaches  1  so  that  the  burning  becomes  dominated  by  the  nitramine  as  shown  by  data.  The 
change  in  the  surface  structure  is  deemed  to  occur  at  that  burning  rate  (heating  rate)  where 
passage  of  the  solid  phase  thermal  wave  across  a  spherical  particle  is  too  fast  to  heat  the 
bulk  particle  to  its  melting  point.  The  shift  in  the  surface  structure  is  the  proposed 
mechanism  for  a  major  shift  in  pressure  exponent  observed  with  nitramine  propellants. 

The  flame  structure  follows  the  BOP  model,  except  that  there  is  no  final  flame.  Dif¬ 
fusion  length  floating  parameters  are  adjusted  from  AP  propellant  values.  For  bimodal  ni¬ 
tramine  propellants  calculated  as  j=l  (old  version),  b  is  computed  using  an  average  D'  and 
S.  For  j*2  (new  version),  each  b  is  determined  by  6  and  the  respective  O'.  Unlike  AP,  it 
makes  very  little  difference  whether  a  bimodal  propellant  is  calculated  by  the  j*l  or  j  =  2 
method  because  the  diffusion  flame  is  relatively  unimportant.  For  nitramine  propellants, 
the  diffusion  flame  temperature  is  much  lower  than  the  monopropellant  flame  temperature;  the 
reverse  is  true  with  AP.  With  active  binder,  the  diffusion  flame  is  omitted.  The  weak  dif¬ 
fusion  flame  is  the  proposed  explanation  for  the  small  effect  of  particle  size  on  burning 
rate.  The  major  role  of  particle  size  on  burning  rate  is  to  locate  the  region  of  the  ex¬ 
ponent  shift,  and  to  that  extent  there  is  a  major  effect  on  burning  rate. 

RESULTS 

Monomoda 1  Propellants 

The  BDP  model  standard  cases  were  three  AP/Polysul f ide  propellants.  Two  contained  70% 
AP,  one  of  20p  particle  size  and  the  other  of  200u.  The  third  contained  60%  of  20p  AP .  The 
burning  rate  predictions  were  good  for  two  of  the  cases,  but  on  the  low  side  for  200p  AP. 

Of  equal  importance,  results  for  surface  temperature,  flame  heights,  surface  structure,  etc. 
(i.e.,  various  internal  details)  were  reasonable. 

Glick  &  Condon14  performed  an  interesting  exercise  on  two  of  these  cases  to  illustrate 
the  individual  effects  of  their  proposed  model  modifications.  Some  of  their  results  for  one 
case  are  shown  in  Table  1  as  the  ratio  of  burning  rate  computed  with  the  indicated  modifica¬ 
tion  to  the  BDP  rate.  The  only  significant  change  is  by  the  use  of  time-averaging  rather 
than  the  statistical  average  particle.  But  even  here,  the  effect  is  limited  principally  to 
higher  pressures  and  is  not  a  large  effect.  Differences  for  the  200q  case  were  even  smal¬ 
ler.  14 


Table  1.  Effect  of  Modifications  to  BDP  Model  on  Computed  Burning  Rates 
for  an  AP/Polysulfide  Propellant  (70%  AP ,  20p);  Ref.  (14). 


Pressure 

Replace  So  with 

Eq.  ( B-6 ) 

More  terms  in 

T ime-average 

Cps  1  a ) 

Sp  (Eq.  1) 

for  b 

B-S  series 

method 

52 

1.000 

0.991 

1.000 

0.981 

93 

1.006 

0.988 

1.006 

0.976 

165 

1.004 

0.972 

1.004 

0.943 

294 

1.003 

0.953 

1.006 

0.896 

520 

1.005 

0.934 

1.007 

0.852 

932 

1.046 

0.964 

1.014 

0.796 

1652 

1.074 

0.966 

1.034 

0.728 

A  comparison  has  also  been  made  between  the  BDP  model  (as  represented  by  Cohen)  and 
King's  model.  This  comparison  would  reflect  the  combined  effects  of  the  most  elaborate  de¬ 
partures  from  BDP.  King16  used  three  AP/HTPB  propellants  containing  73%  AP;  particle  sizes 
were  5p,  20u  and  200p.  Several  important  points  were  gleaned  from  this  exercise,  summarized 
by  Figure  5.  The  striking  observations  are  the  gross  underprediction  of  the  200p  case  and 
the  virtual  identity  of  the  two  models  for  that  case.  Both  models  predict  the  other  two 
cases  reasonably  well,  but  there  are  differences  in  the  character  of  the  curves  produced. 
King's  model  is  better  as  to  general  pressure  exponent  behavior,  but  BDP  is  better  in  pick¬ 
ing  up  the  inflection  in  slope  which  is  attributed  to  the  Bp  shift  (AP  flame  becoming  con¬ 
trolling).  King  is  able  to  improve  his  predictions  as  a  whole  by  optimizing  the  kinetics 
of  his  subsurface  reactions.16  There  is  a  large  effect  on  the  200p  case,  as  shown,  but  only 
small  effects  on  the  other  cases  (not  shown,  in  the  interests  of  figure  clarity).  This  is 
probably  the  most  important  point,  and  merits  further  discussion  because  it  Illustrates  a 
latent  deficiency  in  the  BDP  model. 
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Cohen's  calculations  showed  that  the  Hp  shift  occurs  at  lower  pressures  as  partlile 
sl/e  Increases,  for  hp,  It  occurred  at  about  100  atm  (arguably  In  agreement  with  the 
data).  for  ?0p,  It  occurred  at  about  .!!>  atm  (In  agreement  with  the  data).  for  ,’OOn . 
according  to  the  model,  the  Op  shift  occurred  below  10  atm.  Ihus,  the  entire  regime  Is 
one  of  Al'  flame  control.  Predictions  are  good  In  regimes  of  diffusion  flame  control,  but 
become  poor  In  regimes  of  AO  flame  control  (coarse  AO  or  high  pressure).  Mug's  optlmfia- 
tton  served  to  magnify  a  pressure-dependent  AO  heat  release  process.  It  Is  very  Important 
where  AO  fully  takes  over  from  the  diffusion  flame  as  the  primary  energy  source  (,'OOu). 
but  of  little  Importance  otherwise  (Sp  and  ?0p).  In  the  HOP  model,  there  Is  no  sustaining 
pressure  dependent  heat  release  term  In  the  regime  of  AO  control.  The  AO  flame  approaches 
a  collapsed  flame  asymptote  (t*AP*0).  which  Is  reflected  completely  by  the  predicted  burn 
rate  curve  for  ?00p.  Qnx  Is  not  pressure  dependent  In  the  HOP  model,  but  effectively  be 
comes  so  In  King's  model  with  optimised  constants. 

Ihls  "latent"  deficiency  has  not  been  noted  before  because  circumstances  have  not 
encountered  It  or  have  masked  It,  Higher  flame  temperatures,  multimodal  sl;es,  and  a 
restricted  upper  pressure  all  will  promote  diffusion  flame  control  through  most  of  the 
ca I cu I  a t Ions .  All  of  the  multimodal  calculations  to  be  presented  have  this  latent  de¬ 
ficiency,  but  It  Is  "dormant"  for  these  reasons.  King  has  proposed  a  correction,  hut  It 
Is  not  necessarily  accurate.  The  advanced  monopropnl iant  models-'  Incorporate  related  but 
better  justified  mechanisms  that  would  produce  a  similar  effect.  Also,  the  fine.  I  flame 
merits  a  reconsideration  In  the  quantitative  scheme,  which  could  augment  pressure-dependent 
heat  feedback  when  |tf»l.  In  any  case,  there  Is  some  unfinished  business  to  resolve. 

Mu  1 1 I  mod a  I  Propellants 

A  statistical  correlation  of  experimental  data  for  trlmodal  AO  propellants,  by  an 
effective  average  particle  slie, has  been  performed  by  Miller''  and  Is  shown  In  Figure  b. 
Ihls  correlation  may  he  compared  with  parametric  model  results  for  the  effect  of  monomodal 
particle  sl;e  on  burning  rate.  the  model  results,  for  tillck  A  Condon  and  llrckxtead 
calculations  at  Miller's  solids  loading,  are  shown  In  Figure  7.  Although  the  monomodal 
size  cannot  really  be  compared  with  the  Miller  average  st.*e,  the  ability  of  the  models  to 
show  the  qualitative  mechanistic  particle  slie  effect  Is  Impressive.  Condon  also  shows 
the  effect  of  particle  slie  distribution  width  or  standard  deviation  for  polydlsperse 
monomodal  sties.  Ihls  detail  Is  but  a  small  correction  to  the  monodlsperse  results. 
Consistent  with  remarks  pertaining  to  Table  1.  the  time  averaging  method  departs  from  the 
II DO  method  results  most  significantly  with  finer  sl.-es. 

Another  example  of  parametric  results,  for  btomodal  AO,  Is  Heckstead's  old  version 
results  shown  In  ilgure  II.  Condon-1'1  has  made  the  same  calculations,  and  the  results  are 
quite  similar.  These  calculations  typify  what  can  be  done  with  and  learned  from  the 
models.  Similar  curves  have  been  generated  for  pressure  exponent  and  temperature  sens! 
tlvlty.  Heckstead's  pressure  exponent  results  are  shown  In  Figure  » .  Note  that  there 
Is  an  optimum  fine  slie,  and  a  stronger  effect  of  fine  slie  than  coarse/fine  ratio.  Ihe 
trends  are  qualitatively  correct.  figures  10  and  11  demonstrate  a  remarkable  quantitative 
agreement  with  Miller's  rate  and  exponent  data,  respectively.  Condon-"'1  performed  the  same 
calculations  and  showed  similar  agreement. 

Ihe  modelers  have  noted  that.  In  general,  agreement  with  data  Is  worst  where  there 
Is  a  large  difference  between  coarse  and  fine  s(;ex.  Cohen  Is  attempting  to  resolve 
this  problem  hv  adding  an  Interacting  flame  to  the  flame  structure  of  a  coarse  particle 
adjacent  to  fine  particles.  Miller  has  endorsed  the  Idea  of  Interacting  flame  modeling 
because  he  sees  particle  slie  Interactions  running  through  his  data  correlations.-" 

Cohen's  work  Is  not  considered  complete  and  has  not  been  formally  published. 

A 1  urn  1  n  I  i  ed  F  rope  Hants 

tillck  A  Condon  comparisons-'-"  with  some  of  Miller's  alumlnl.-ed  propellant  rate  data 
are  shown  In  Figure  I;’.  Ihe  agreement  Is  good  for  some  propellants  and  bad  for  others. 

A  systematic  problem  appears  to  be  those  propellants  having  the  widest  spread  between 
coarse  and  fine  sl.-es  In  their  respective  subgroups.  Those  are  the  high  points  on 
Ilgure  I.’.  Ihus  aluminum  Interactions  are  affecting  the  AT  particle  slie  Interactions 
to  a  degree  that  the  modeling  must  address  them.  The  satisfactory  predictions  are  con 
xlxtent  with  the  background  of  small  effects  «> f  aluminum. 

Rerkstedd'1  performed  the  same  calculations  with  Ills  old  model  and  showed  similar 
discrepancies.  Ihe  general  agreement  between  the  Heckxtead  and  (click  A  Condon  models  as 
applied  to  Miller's  propellants  Is  remarkable  In  view  of  the  differences  In  approach. 

N 1 1  ram  I  ne  Prope  I  1  an t  s 

Results  for  two  HMX  propellants  are  shown  in  Figure  1.1.  An  attempt  was  made  to 
approach  monodlsperse  propellants  by  particle  screening  for  each  hatch.  Ordinarily,  a 
given  lot  of  HMX  Is  quite  polydlsperse.  Ihe  result,  for  the  coarse  MMX  propellant,  was 
an  extraordinary  exponent  shift,  Ihe  monodlsperse  model  shows  this  as  a  discontinuity  In 
the  surface  structure  at  the  critical  burn  rate.  Ihe  burn  rate  Jumps  to  a  value  that  Is 
essentially  the  HMX  rate.  Ihe  slight  exponent  shift  In  the  fine  HMX  propellant  Is  the 
Hi  shift,  Kates  do  not  Jump  as  long  as  the  surface  remains  planar.  Approximately,  the 
critical  rate  Is  Inversely  proportional  to  particle  slie.  lhese  data  were  used  to 
calibrate  the  adjustable  constants  In  the  model.  Upon  calibration,  the  model  was  success 
fully  applied  to  other  monomodal  HMX  and  KDX  propellants/ 
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Ihe  latent  deficiency  discussed  earlier  does  not  show  up  In  the  MM x  propellant 
calculations.  lhls  Is  perhaps  due  to  the  different  Kinetics  and  energetics,  etc  constants 
of  HMX  and  HMX  propellants.  Nevertheless,  corrections  for  Al'  propellants  should  be  carried 
over  to  nitramine  propellants  to  the  estent  relevant. 

Results  for  a  series  of  biomodal  HMX  propellants  are  shown  In  Moure  14.  based  upon 
examination  of  fine  HMX  particle  site  distributions,  Cohen  has  split  the  fine  component 
Into  two  sites.  He  has  made  an  issue  of  HMX  particle  site  quality  control  In  connection 
with  the  exponent  shift  and  hatards  problems.  Ihus,  the  model  has  viewed  these  propellants 
as  trimodal.  Cohen  and  Price  found  that,  for  nltramine  propellants,  the  J*1  and  tea 

tures  of  the  model  can  he  combined  to  calculate  up  to  4  particles.  Although  numerically 
unimportant,  it  is  conceptually  Inconsistent.  Ihe  predictions  show  the  observed  effect  ot 
changing  coarse/fine  ratio  very  well. 


Active  Hinder  Propellants 


Th«  effects  of  adding  AP  or  HMX  to  an  energetic  double-base  binder  are  shown  in 
Figure  IS.  the  Key  to  these  predictions  is  the  treatment  of  the  diffusion  flame  In 
Cohen's  model.  With  AP,  It  Is  present  such  that  the  burning  rate  increases  at  low  and 
intermediate  pressures.  Ihe  rate  would  also  be  noticeably  part  I c I e  -  s I *e  dependent.  Ihe 
latent  deficiency  would  not  show  up  because  the  active  binder  taKes  over  control  at  high 
pressures.  With  HMX,  the  diffusion  flame  is  omitted  such  that  the  burning  rate  falls  If 
the  HMX  rate  is  lower  than  the  binder  rate.  Ihe  rate  would  not  be  noticeably  particle 
si ze  dependent,  except  for  exponent  shift  behavior  at  pressures  higher  than  plotted  here 
As  noted  before,  there  is  a  need  to  Incorporate  a  combustion  model  for  the  binder.  With 
the  current  method,  the  prediction  for  the  binder  alone  is  a  coproduction  of  Input  data. 


Input  Constants 

Values  of  input  constants  used  by  Cohen  are  reported  In  Ref.  (,'3).  Values  used  by 
CclicK  ,A  Condon  are  In  Ref.  (lb).  Values  used  by  King  are  in  Ref.  (lb).  BOP  model 
constants  are  in  Ref.  (3),  and  many  of  them  are  still  used.  BecKstead  has  not  formally 
published  his  constants,  but  implies  that  he  uses  Bl'P  values  except  where  there  are  new 
adjustable  parameters. 


CONCLUDING  Rt MARKS 

Composite  propellant  burn  rate  modeling  has  developed  to  a  point  where  it  can  and  does 
maXe  useful  contributions  to  combustion  research  and  practical  propellant  development. 

The  models  are  able,  at  least  qualitatively,  to  explain  the  burning  rate  characteristics 
of  a  wide  variety  of  propellants  of  interest.  However,  deficiencies  do  remain  and  there 
is  worK  yet  to  be  done  in  order  to  improve  the  quantitative  aspects  and  predictive  capa¬ 
bility  in  genera  I . 

In  moving  forward,  a  list  of  priority  items  may  be  presented  as  follows:  restoration 
of  the  proper  pressure- dependence  for  Al'  propellants  where  Bf"l,  by  incorporating  an  im¬ 
proved  monopropellant  combustion  model  or  other  justifiable  mechanism;  accounting  for 
component  interactions,  first  without  aluminum,  but  especially  with  aluminum  as  an  eventu¬ 
ality;  •••-examination  of  the  role  of  the  final  flame  for  Al'  propellants;  completing  a  model 
for  the  active  binder;  and,  last  but  not  least,  experimental  wort  to  obtain  needed  input 
values  and  improved  understanding  that  would  serve  to  replace  adjustable  parameters. 

Certain  elaborations  which  have  more  physical  or  Intellectual  appeal  are  going  to  cost 
computer  program  development  and  run  times  without  appreciably  changing  the  results,  lhls 
is  not  a  trivial  matter  as  the  extended  modeling  grows  more  complicated  to  address  practical 
propellants.  It  does  not  appear  necessary  to  go  to  the  trouble  of  tracXing  and  time 
averaging  Individual  particles.  Nor  does  it  seem  necessary  to  detail  the  polydisperse 
nature  of  a  given  modal  particle  si;e.  Nor  does  it  seem  necessary  to  solve  the  complete 
HurKe - Schumann  problem.  On  the  other  hand,  apportionment  of  component  masses  and  energies 
is  necessary  provided  that  it  is  done  carefully  and  properly,  with  conservation  preserved 
and  component  interactions  accounted  for;  otherwise,  the  attempt  will  lead  to  inconsisten 
cies,  poor  results  and/or  iteration  problems. 
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Fig.  1  BOP  multiple  flame  structure, 
from  Ref.  (3) 
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Fig.  2  BDP  Idealized  surface  structure, 
from  Ref.  (10) 


Fig.  3  The  birth  and  consumption  of 
an  AP  particle  as  viewed  by 
Glick  &  Condon,  from  Ref.  (15) 


z 

o 


1.0 


u J 
5 
u 


o 

> 


z 

< 


UJ 

0. 

o 

cc 

Q. 

O 

Q 

D 

Ui 

w 

Q. 


// 

// 


/  -  DIAMETER  EXPONENT  3 

/  —  OIAMETER  EXPONENT  2 

•  —  OIAMETER  EXPONENT  T 


10 


100 


1000 


OXIDIZER  DIAMETER.  MICRONS 


Fig.  4 


Pseudopropellant  oxldlzei 
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cle  size,  from  Ref.  (15) 
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Fig.  13  Effect  of  monomodal  HMX  particle 
size  on  burning  rate,  75*  HMX/ 
HTPB,  Cohen-Price  model  and  data, 
from  Ref.  (7) 
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Fig.  10  Effect  of  blmodal  HMX  on  burning 
rate,  Cohen-Price-Strand  model 
and  data,  from  Ref.  (8) 


Fig.  15  Burning  rates  of  AP  and  HMX  active 
binder  propellants,  Cohen-Price- 
Strand  model  and  data,  from  Ref.  (8) 


rcyai.cj  anoiner.  it  is  possible  to  make  too  much  of  this  issue  because  Burke-Schumann 
does  not  consider  a  concaved  inner  mouthpiece,  a  displaced  inner  mouthpiece  or  the  presence 
of  a  competing  monopropellant  reaction  inside  the  diffusion  flame  envelope  For  this  and 
?Itinr.seJS?nhi  BeckJt*ad  .and.  Cohen  have  essentially  abandoned  Burke-Schumann  model  calcu¬ 
lations  but  have  retained  a  key  property  of  the  solution  for  one  limiting  condition. 

_ ^The  Bur-ke-schumann  analysis  provides  a  series  solution  relating  the  axial  and  radial 

coordinates  where  mixedness  is  achieved  relative  to  stoichiometry  and  the  flame  is  located. 


APPENDIX 

Equations 

Numbering  system  Includes  initials  of  modelers. 


Continuity  Relations 
ml$o  *  rPp$o  *'mox^ox/“ox 
mTsP  *  rppSp  ■  moxsox/aox 
mjS0  •  rppS0  *  m0XS0X+mfSf 
mTSp  *  rppSp  -  moxSox+mfSf 

-  _  E(WTAt) 
ppEAt 

_  m  I(majtSax,*'mfSf ) 

PpCSp 

Ingredient  Decomposition 

mOx"Poxrox**oxexP("Eox/RTs) 

•f*Pfrf*Afexp(-Ef/RTs) 

Surface  Area  Relations 

2  2 

Sox  3(b/Do)p+3'h/°o)N+l 

S»  C°X  lU0x[3(h/Do)^3(h/Do)N2] 

(£-)  .  _L(lt  J_)(l-Iox)  +  roxiia" 

°o  PN  2  ri  rf  o 


(C-l )  b  -  -°' 

(GC-1)  ^ 

(B-l)  b  ■  -  DP_ 


(GC-1 a ) 


(K-la) 


b  *  /Sp/x 


Flame  Heights 


_ o _ 

~  l"fsf  »ox~1 1 

^moxsox3trT 


(2b)  X?0  *  AfhCPD  !Vt" 


2(l+u)cJ,( 

11  1n  (  V- ( 1  +v ) c2  )  ♦ 


c  *  D ‘ /2b 


) 

lJo2t*l > 


v  -  ♦0-aox)/o>ox 


u1gn+' 


X?D  *  AfhCPD 


*1gn  * 


Sox/Sp  *  (S0X/S0)(S0/SP) 

h2+<V>2 

S°x/Sp  '  Sp(cox.0o.df) 

O'  -  2[dfD0-Df2]1/2 
h  *  dox“df 
o(t‘t1gn) 

d  m 

ox  i 

5“  *  ("ox**) 
pox 

df  *  77  £  (mfAt) 


Characteristic  Surface  Dimensions 


(B-C’GC-5)  X>D  *  Afh  -1*> 

h2+(^)Z  nb 

;b\2  J_  (GC'3)  xpd  *  T- 
l_rr  Cox 

*  *JD/(vb) 

(K-3) 

and  where  n  must  satisfy: 


(GC-6) 


( K-6a ) 


(8 ,C-7a ) 


( B ,C ,GC- 7b ) 
(B,C,GC-7c) 


(GC-7) 


(GC,K-7d  ) 


(GC,K-3a) 

(GC.K-4) 


(GC ,K-4a ) 


(GC  ,K-4b) 


v-(l+v)c2  -5  J1  (c4,i  }  .  , 

*U*v)e  ^|T0JU'i)lJoUlt,exp 


V*i> 


(1+4*2*,2)  -1 


( GC , K- 7  a ) 


b-  ^(h/572  ^) 


fc  '  ^ 
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from  a  flame  sheet.  The  superposition  of  the  AP  flame  and  the  final  flame  is  considered 
to  be  error.  Gllck  and  Condon  properly  feed  the  energy  from  the  final  flame  back  to  the 
AP  flame  for  purposes  of  Eq.  (9a),  but  not  here.  For  purposes  of  Eq.  (9a),  Eq.  (9b)  is 
used.  The  8p  term  is  an  attempt  to  partition  the  AP  reactants  between  the  primary  flame 
on  the  one  hand  and  the  sequence  of  the  AP  and  final  flames  on  the  other  hand.  Since  this 
could  not  be  done  in  the  diffusion  analysis,  it  is  done  by  projecting  the  flame  areas  on 
the  planar  surface  of  the  AP .  The  AP  and  final  flames  project  on  the  same  inner  circle. 
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particles  are  packed  and  wetted  in  real  propellants,  the  relation  is  not  simply  based  on  a 
weight  proportion.  One  though  might  be  to  apportion  based  on  particle  surface  area,  con¬ 
sidering  wetting  only,  and  this  has  been  adopted  by  Beckstead  in  his  current  work.  Glick  4 
Condon  prefer  to  leave  it  as  a  floating  parameter  particle  size  dependence.  The  result 
is  Eq.  ( GC -IS).  c*0x  replaces  Cox  a''  of  t*'e  constitutive  relations  for  rtfi-  It  can 
be  verified  that  t*0xixr-oxt  for  would  be  the  simple  weight  proportioning. 

corresponds  to  proportioning  based  on  surface  area  (current  Beckstead).  Parametric 
results  for  an  87. dt  AP/HTPB  propellant  are  shown  in  Figure  4.  Note  that,  for  Cn<3, 
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DISCUSSION 


H.F.RSchftyer,  Delft  University,  Ne 

You  were  talking  of  the  steady  state  combustion  subject  whereas  a  good  combustion  model  has  to  take  into  account 
the  non-steady  state  behaviour  such  as  the  response  or  admittance  function.  You  have  been  working  in  this  area  also 
and  could  you  comment? 

Secondly  the  multiple  flames  model  of  Belkstead.  Derr,  Price  (BDP)  all  emphasise  the  gas  phase.  However  a  group  of 
people  have  emphasised  the  importance  of  the  solid  phase  reactions  at  the  burning  surface.  Could  you  comment  on 
this? 

Author’s  Reply 

My  paper  is  restricted  to  steady-state  combustion  models.  They  cannot  in  themselves  predict  response  function,  but 
can  be  used  in  the  development  of  a  non-steady  behaviour  model.  For  example  Hermann  has  perturbed  the  BDP 
model  to  derive  an  expression  for  the  response  function.  G.Lick  and  Condon  have  used  the  BDP  model  to  apply  a 
technique  suggested  by  Zeldovich  and  Novozhilov  to  calculate  response  function  Dr  de  Luca,  in  his  paper,  noted 
that  one  could  select  a  model  for  the  gas  phase  in  performing  transient  analysis.  I  believe  that  it  is  necessary  to 
account  specifically  for  the  effects  of  AP  particle  size  in  future  analytical  developments  to  calculate  response  func¬ 
tion.  In  doing  so,  there  may  be  important  effects  of  the  solid  phase,  as  suggested  by  Lengelle  and  Williams  in  1068, 
which  are  not  necessary  to  consider  in  steady-state  but  which  do  have  significance  in  the  non-steady  behaviour. 

With  regard  to  your  second  question  the  multiple  flame  models  do  consider  condensed  phase  reactions  but  at  present 
are  more  or  less  deficient  in  the  way  they  do  so.  The  condensed  phase  reactions  derive  front  the  AP  and  improved 
models  of  AP  monopropellant  combustion  are  being  developed  which  will  describe  them  better.  The  monopropel¬ 
lant  combustion  is,  of  course,  a  necessary  ingredient  of  the  composite  propellant  combustion.  Models  which  have 
emphasised  condensed  phase  reactions,  using  a  simple  model  for  the  flame,  have  proven  to  be  inadequate.  The 
preferred  approach,  would  be  to  incorporate  a  description  of  the  condensed  phase  in  the  multiple  flame  model. 
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EROSIVE  AND  TRANSIENT  BURNING  EFFECTS  ON  PERFORMANCE 
PREDICTION  ACCURACY  OF  TACTICAL  ROCKETS  * 
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SUMMARY 

Performance  prediction  of  solid  rockets  requires,  besides  modelling  of  the  internal 
flow  field  and  the  steady  state  burning  rate  obtained  from  Crawford  and  standard  engine 
data,  the  inclusion  of  erosive  burning  and  transient  effects.  Performance  reexamination 
of  rockets  with  high  volumetric  loading  is  practicable  by  the  most  common  theory  estab¬ 
lished  by  J.H.  Lenoir  and  G.  Robillard.  A  new  erosive  burning  model,  first  developed  by 
M.K.  King,  makes  performance  prediction  without  additional  empirical  parameters  possible. 
A  sensitivity  analysis  which  uses  the  data  of  small  tactical  rockets  shows  the  effects  of 
the  various  geometric  and  ballistic  parameters  and  the  variation  of  pressure  and  thrust 
history  due  to  transient  effects. 


1 .  INTRODUCTION 

The  continuously  growing  performance  requirements  for  solid  rocket  motors  necessitate, 
besides  other  means,  an  increase  in  volumetric  loading  fraction  so  that  in  case  of  an  in¬ 
ternal-burning  grain  configuration  the  port  to  throat  area  ratio  approaches  unity.  As  a 
consequence,  the  near  surface  flame  structure  is  modified  by  the  gas  flow  parallel  to  the 
burning  surface  such  that  an  enhancement  of  the  burning  rate  occurs.  This  alternation  of 
the  ballistic  characteristics  compared  to  the  pure  pressure  sensitive  behaviour  is  common¬ 
ly  described  as  erosive  burning. 

The  phenomenon  of  erosive  burning,  firstly  identified  by  Muraour  (Ref. 11)  more  than 
50  years  ago,  is  especially  pronounced  during  the  first  proportion  of  the  motor  operation 
and  results  in  an  excessive  initial  chamber  pressure  when  using  the  undisturbed  burning 
rate  as  basis.  To  account  for  this  effect,  the  designer  of  a  solid  rocket  requires  an  ap¬ 
propriate  method  which  allows  an  accurate  ballistic  prediction  without  additional  experi¬ 
mental  data. 

In  the  past  several  interrelationships  for  the  prediction  of  erosive  burning  were  pub¬ 
lished.  These  were  based  either  on  pure  empirical  results,  simplified  semiempirical  methods 
or  the  integration  of  the  conservation  equations  including  the  Navier-Stokes-equations  for 
turbulent  flow  with  transpiration.  In  almost  all  cases,  the  methods  are  applied  to  the 
evaluation  of  laboratory  burners  rather  than  for  a  comparison  with  actual  motor  firings. 

The  comparison  as  presented  in  a  few  available  reports  does  not  show  a  completely  satis¬ 
factory  agreement  between  theory  and  experiment  (Ref. 3, 13). 

In  the  latter  case,  small  deviations  in  burning  rate  during  the  first  portion  of  the 
firing  compared  to  theory  may  run  up  to  significant  discrepancies  in  geometric  grain  shape 
during  latter  portion  of  the  burning  time,  so  that  large  differences  in  thrust  or  pressure 
are  noticed.  Therefore  the  integrating  effect  of  the  burning  surface  regression  represents 
an  excellent  criterion  for  the  evaluation  of  the  ballistic  performance  prediction  methods. 

From  an  engineering  standpoint,  a  simple  relationship  for  prediction  of  erosive  burning 
is  highly  desirable  in  order  to  facilitate  the  design  calculations  and  the  performance  of 
sensitivity  studies.  Consequently,  this  analysis  is  based  upon  two  engineering  methods,  one 
of  which  is  commonly  used,  to  establish  the  prediction  accuracy  and  sensitivity.  In  addi¬ 
tion,  transient  burning  effects  are  included  to  evaluate  its  importance.  The  comparison  re¬ 
lates  to  two  tactical  solid  rocket  motors  of  a  few  seconds  burning  time  and  0.1  m  to  0.2  m 
diameter. 


2.  EROSIVE  AND  TRANSIENT  BURNING  EFFECTS  ON  INTERNAL  BALLISTICS 

The  ballistic  performance  of  a  solid  rocket  motor  with  a  selected  grain  geometry  and 
propellant  is  mainly  affected  by 

burning  surface-to-throat  area  ratio 
grain  temperature 

throat  area-to-grain  port  area  ratio 

free  combustion  chamber  volume-to-throat  area  ratio  (L*) 
free  combustion  chamber  volume-to-burning  area  ratio. 

The  first  two  aspects  describe  the  pressure  and  temperature  sensitive  burning,  the 
third  characterizes  erosive  effects  and  the  latter  two  account  for  transient  burning. 

The  alternation  of  the  steady  state  burning  rate  obtained  by  strands  and  standardized 
small  scale  propellant  grains  due  to  the  above  mentioned  effects  is  taken  into  considera¬ 
tion  simply  by 

*This  work  was  sponsored  by  Ministry  of  Defense  /  Government  Procurement  Agency,  Federal 

Republic  of  Germany. 
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where  r0,  rer and  rtrdescribe  the  steady  state,  erosive  and  transient  burning  rate.  Of 
these,  in  case  of  a  small  tactical  rocket  motor,  rer  plays  the  most  important  role  on 
pressure  sensitive  ballistic  performance  modification,  while  rtr  may  only  contribute  during 
ignition  and,  even  to  a  lesser  extent,  tail-off  transients. 

In  Fig.  1,  for  an  assessment  of  the  erosive  effects,  the  burning  rate  of  a  highly 
aluminized  hydroxy-terminated  polybutadiene  (HTPB) -composite  is  presented.  With  increasing 
port  Mach-number  the  fraction  of  erosive  burning  increases  so  that  an  enhancement  of  the 
burning  rate  occurs  near  the  throat  resulting  in  an  initial  chamber  pressure  increase  and 
a  subsequent  extended  tail-off.  In  Fig.  2  this  characteristic  thrust-time  history  is  pre¬ 
sented  . 
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Fig.  1  Mach-number  dependence  of  burning  rate  augmentation  (Predicted  data  of 
HTPB-composite  with  18%  Al) 


Fig.  2  Thrust-time  history,  normalized  with  non-erosive  prediction 


3.  BURNING  RATE  MODELLING 

Using  the  experimental  strand  and/or  standardized  propellant  grain  data  as  basis,  the 
deviations  due  to  erosion  and  high  pressure  gradients  have  to  be  modelled. 
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3.1  Erosive  Burning 


Several  erosive  burning  models  have  been  published  which  can  be  classified  according 
to  their  sophisication.  A  review  on  the  former  models  is  given  by  Barrdre  (Ref.1);  the  more 
recent  ones  are  characterized  by  King  (Ref. 71. 

The  consideration  of  erosive  burning  for  performance  prediction  of  an  actual  motor 
requires  an  engineering  type  model.  Of  the  various  laws  the  equation  developed  by  Lenoir 
and  Robillard  (L&R)  (Ref. 9)  in  1957  is  commonly  used  (Ref. 3, 4, 6).  Besides  this  model  which 
is  based  on  heat  transfer  modifications  due  to  gas  flow  requiring  the  experimental  deter¬ 
minations  of  two  parameters,  a  new  model,  developed  by  King  (Ref. 7)  on  the  basis  of  a  two- 
flame  structure,  is  availible  which  is  directly  applicable  without  any  empirical  parameters. 
Both  models  will  be  used  and  compared  for  a  performance  prediction  analysis.  A  discussion 
of  the  physical  background  of  these  models  is  given  in  Ref.  5. 


3.1.1  Lenoir  and  Robillard  Burning  Model 


The  LaR-erosive  burning  model  is  based  upon  the  qeneral  heat  transfer  equation  for  a 
flat  plate  with  zero  pressure  gradient  and  a  turbulent  boundary  layer  with  transpiration. 
The  disturbance  of  the  normal  boundary  layer  profile  by  mass  addition,  is  accounted  for  by 
an  exponential  factor,  relating  the  normal  and  cross  flow  mass  flux.  With  G  as  local 
port  mass  flux,  the  local  axial  position  1  and  the  propellant  density,  this  erosive  burning 
law  is  written 


(2) 


■0-8l-0-2exp(-kLR2,prr/G. 


The  two  constants  kLRfi  Jruj  2  comprise  gas  and  propellant  properties,  both  must  be  estab¬ 
lished  from  motor  firings  for  selected  propellants  with  erosive  burning  effects.  Evalu¬ 
ation  of  firings  at  various  temperatures  indicate  that  the  temperature  sensitivity  of 
these  constants  is  negligible  (Ref. 2). 

Although  the  physical  basics  of  this  model  are  criticized  (Ref. 7),  by  proper  selection 
of  the  two  constants  a  rather  satisfying  approximation  of  an  experimental  thrust/pressure- 
time  history  can  be  achieved. 


3.1.2  King's  Erosive  Burning  Model 


This  model  is  based  upon  a  two-flame  model,  an  ammonium  perchlorate  deflagration 
mono-propellant  flame  and  a  columnar  diffusion  flame  resulting  from  mixing  and  combustion 
of  the  binder  pyrolysis  and  deflagration  products .  Describing  the  velocity  vector  angle  at 
the  burning  surface  with  0  and  the  local  pressure  with  pc,  the  equation  for  the  burning 
rate  is  written 


(3) 


r  =  k„  , p  ( 1  ♦  - 

er  i,lKc  1  +  k 


K,3 


sin  0  p 


r) 


0.5 


The  constants  kK  j  j  may  be  evaluated  by  a  regression  analysis  of  test  data  without 
erosive  ef fects . ' Thus  Eq.(3)  represents  a  prediction  method  which  does  not  depend  on  em¬ 
pirical  constants  so  that  pre-test  predictions  rather  than  post-test  predictions  are 
possible . 

The  determination  of  0  follows  from  the  data  of  Mickley  and  Davis  (Ref. 10),  which  re¬ 
late  the  transpiration  and  crossflow  velocity  at  a  certain  location  within  the  boundary 
layer.  Fig.  3  presents  an  example  of  the  tendency  of  0. 


».'t  ingle  versus  dimensionless  length  of  a  tactical  rocket  motor  of 
'".■’•'I  it  various  burning  times 


3.2  Transient  Burning 


Transient  burning  effects  result  from  propellant  heating  and  flame  spreading  during 
ignition  and  pressure  gradients  with  respect  to  time.  Neglect lnq  the  first  two  phenomena  - 
It  is  assumed  that  they  happen  prior  to  the  burst  of  the  diaphraqm  -  onlv  the  pressure 
change  has  to  be  considered. 

The  determination  of  rapid  pressure  changes  per  unit  time  necessitates  the  evaluation 
of  the  non-steady  conservation  equation  and  the  effect  of  pressure  gradients  on  the  burning 
rate . 

According  to  the  thermal  wave-theory  by  Paul  et  al  (Ref. 12)  and  von  Elbe  (Ref. 15)  the 
transient  burning  rate  may  be  written  as 

ktr  n  *h  Pc 

(4)  r  -  - - - 


where  n  describes  the  burning  rate  exponent 
and  k  the  transient  burning  rate  constant 


the  thermal  dif f us ibi 1 1 t y  of  the  propellant 


4.  COMPARISON  AND  PREDICTION  ACCURACY  EVAI.UATION  OF  BURNING  RATE  MODELS 


The  prediction  accuracy  of  the  burning  rate  models  for  ballistic  performance  evalu¬ 
ation  is  determined  by  a  comparison  of  test  results  of  typical  motors  with  the  respective 
pretest  predictions.  For  s impl 1 f lent  ion  reasons,  a  separate  analysis  of  the  ignition 
transient  and  the  quasisteady  operation  is  performed. 


4.1  Description  of  Reference  Engines 


The  characterization  of  the  models  is  based  upon  two  tactical  rocket  motors,  one  of 
0.11  m  and  one  of  0.175  m  diameter.  In  Table  1  the  important  data  are  listed.  The  pro¬ 
pellants  are  llTPR-compos I tes  with  different  aluminum  loadings  and  oxidizers.  In  Fig.  4  and 
5,  cross  sectional  drawlnqs  of  the  engines  are  presented,  Fig.  6  compares  the  two  grain 
geometries . 


O.llm-rocket  0 . 1 75m-rocket 

1.141  1.357 

0.11  0.175 

0.9  0.9 

0.64  0.70 

219  144 

16.3  47.6 

UTPB  -  composite 
67  65 


I.enqth  1  , 

Diameter  }  of  qrain 
Volumetric  loading  fraction 
Port-to-throat  area  ratio 
Burning-to-throat  area  ratio 
Propellant  mass 
Propellant  type 
Oxidizer 


Binder 

Combust  ion  temperat ure 


Data  of  Reference  Engines 


Propellant  Grain 
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4.2  Transient  Operation  Phase 

Transient  effects  mostly  occur  during  the  ignition  and  pressure  rise  phase.  Due  to 
the  short  period,  a  simplified  approach  with  a  constant  free  combustion  chamber  volume 
and  a  computation  with  consideration  of  nonsteady  effects  is  used.  Three  different  models 
are  evaluated,  one  on  the  basis  of  the  pressure  sensitive  burning  rate,  the  second  with  in¬ 
clusion  of  erosive  burning  usina  King's  model  and  the  third  with  the  transient  burning 
rate  model  of  Paul  and  von  Elbe.  Instead  of  a  local  variation  in  pressure,  pressure  gra¬ 
dient  and  gas  velocity,  average  values  for  these  parameters  are  introduced.  Averaging  is 
achieved  by  normalizing  with  the  steady  state  values. 

In  Fig.  7  a  comparison  of  calculated  and  experimental  data  of  the  0.11  m-rocket  is 
presented.  It  has  to  be  stated  that  these  results  have  to  be  considered  as  preliminary 
ones,  since  only  a  few  calculations  have  been  performed  yet.  On  this  small  basis  it  can 
be  stated,  that  the  incorporation  of  an  erosive  burning  model  during  start  transient  seems 
to  be  sufficient  for  prediction  of  this  phase;  the  deviations  by  neglecting  erosion  or 
incorporating  transient  burning  are  quite  significant.  The  reason  for  the  latter  tenden¬ 
cy  is  not  yet  known;  probably  due  to  incorrect  modelling  of  start  transient  effects. 

From  this  analysis  the  mass  flow  and  the  effective  period  for  start  transient  can  be 
approximated . 


Fig.  7  Ignition  transient  of  a  0.11  m  motor 


4.3  Quasi-steady  Operation 

The  calculation  of  the  thrust-  and  pressure-t ime-curves  is  performed  on  basis  of  a 
quasi-steady  analysis  with  consideration  of  a  local  variation  of  the  operation  parameters. 
For  an  evaluation  of  the  prediction  accuracy  a  comparison  of  the  theoretical  and  experi¬ 
mental  trend  and  the  sensitivity  must  be  established. 

4.3.1  Comparison  of  Ballistic  Data 

In  Fig.  8  and  9,  the  thrust  time  history  of  the  two  reference  rocket  motors  is  presen¬ 
ted.  Obviously,  the  agreement  between  test  data  and  the  prediction  on  the  basis  of  the  two 
models  for  erosive  burning  is  quite  satisfactory.  In  case  of  the  Lenoir  &  Robil 1 ard-model , 
a  variation  of  the  empirical  parameters  is  necessary  to  match  the  test  result.  Even  so, 
there  is  some  discrepancy  in  the  thrust  peaks.  The  King  model  for  erosive  burning  leads 
directly  to  a  prediction  without  any  propellant  and  grain-dependent  "adjusting"  parameter; 
in  the  liqht  of  this  supposition,  the  results  must  be  considered  as  excellant  ones. 

In  addition  to  the  thrust-time-relationship,  the  longitudinal  axis  dependence  of  the 
pressure  during  the  hiqh  erosive  burninq  phase  is  of  interest.  A  comparison  between  test 
results  of  a  0.11  m  -  rocket,  in  which  pressures  at  various  locations  are  established  by 
using  strain  gages  (Ref. 8)  and  a  conventional  pressure  transducer,  and  calculated  tendency 
is  presented  in  Fig.  10.  The  theoretical  curves  are  located  within  the  area  described  by 
the  measurement  inaccuracy. 


Fig.  8  Thrust-time  curve  for  the  0.11  m  rocket 


Fig.  9  Thrust-time  curve  for  the  0.175  m  rocket 


Fig.  10  Pressure  variation  along  axis  of  0.11  m  rocket  during  high  erosive  burning  phase 
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4.3.2  Sensitivity  Analysis 

A  realistic  comparison  between  theoretical  prediction  and  test  results  must  include 
the  dispersion  of  the  experiments  and  the  sensitivity  of  the  theory. 

A  statistical  performance  evaluation  was  conducted  for  the  0.11m  rocket  to  establish 
the  effects  of  variation  in  ballistic  properties  of  the  propellant,  nozzle  geometry  and 
the  alteration  due  to  erosion  and  ablation.  In  Fiq.  11,  the  area  described  by  a  large 
number  of  tests  is  presented;  Table  2  comprises  the  several  characteristic  performance 
parameters  and  its  standard  deviation. 

The  nominal  theoretical  prediction  and  the  variation  due  to  alternation  of  the  empiri¬ 
cal  constants  is  included  in  Fig.  12.  It  is  clearly  to  be  seen  that  the  Kinq  approach  is 
superior  to  that  of  Lenoir  &  Robillard;  this  prediction  lies  within  the  experimental  in¬ 
accuracy. 


Fig.  11  Thrust-time  history  calculated  by  the  theory  of  King  in  comparison  to  the  area 
described  by  some  motor  test-firings 


Fig.  12  Thrust-time  history  calculated  by  the  thoery  of  Lenoir  &  Robillard  and  the 
variation  due  to  alternation  of  the  empirical  constants 

_  _ _  .  . „ _ _  _ _ _ 


12-9 


Test 

Computation 

average  of  15 

max.  relative 

relative 

measurements 

deviation 

deviation 

(%] 

m 

Thrust  (average) 

IN] 

10  170 

2.9 

10  034 

1.2 

Thrust  (max.) 

INI 

13  971 

2.6 

13  900 

0.5 

Total  Impulse 

(NS) 

36  468 

1 .0 

36  022 

1.2 

Specific  Impulse  (average) 

[m/s] 

2  238 

0.6 

2  247 

0.4 

Burning  Time 

[S] 

3.586 

2.8 

3.590 

0.1 

Table  2  :  Comparison  of  theoretical  and  experimental  performance  parameters  of  0.11  m 

rocket  (data  of  a  15  unit  lot). 


Therefore  it  can  be  concluded  that  for  composite  propellants  the  erosive  burning  theory, 
firstly  developed  by  M.  King,  represents  an  excellent  method  for  pre-test  prediction  of 
ballistic  performance.  The  results  obtained  according  to  Lenoir  and  Robillard  are  of  simi¬ 
lar  yet  slightly  lower  accuracy,  but  the  empiricaly  determined  parameters  yield  too  much 
scatter  for  pre-test  predictions. 


5.  CONCLUSIONS 

The  increasing  performance  requirements  for  tactical  rockets  result,  due  to  improved 
volumetric  loading  fractions,  in  enhanced  erosive  effects  which  might  cause  pressure  peaks 
of  a  factor  of  more  than  two  compared  to  a  pure  pressure  sensitive  ballistic  analysis.  To 
predict  the  thrust  and  pressure-time  history  of  a  rocket  motor,  a  suitable  erosive  burning 
model  is  necessary.  From  an  engineering  standpoint  a  simple  and  easily  usable  burning  mo¬ 
del  is  highly  desirable.  Of  the  various  available  models  the  method  presented  by  Lenoird 
and  Robillard  and  King  are  well  usable  since  these  are  easily  incorporated  into  internal 
ballistic  procedures.  Of  these  the  approach  as  described  by  Lenoird  and  Robillard  is  com¬ 
monly  used;  but  the  physical  background  of  this  model  which  does  not  agree  with  all  ex¬ 
perimental  tendencies  and  the  application  by  fitting  two  parameters  to  experimental  data 
make  this  method  less  qualified.  King's  model  which  is  based  on  alteration  of  the  flame 
structure  due  to  crossflow  seems  to  be  a  very  well  usable  tool  for  internal  ballistic  pre¬ 
dictions  due  to  accurate  matching  of  experimental  data  and  the  lack  of  empirical  constants 
(a  detailed  physical  comparison  of  both  models  is  given  in  Ref.  14).  During  ignition  tran¬ 
sient  effects  play  also  an  important  role,  but  the  transient  burning  rate  as  predicted  by 
Paul  and  Von  Elbe  seems  not  to  describe  the  test  data  with  sufficient  accuracy;  for  per¬ 
formance  prediction  of  tactical  motors  with  a  few  seconds  burning  time,  the  transient  ef¬ 
fects  can  be  neglected. 

Future  work  will  require  additional  comparison  with  test  data  of  high  loaded  rockets 
and  the  modelling  of  the  propellant  surface  curvature  effect,  the  so  called  root/valley- 
tip  erosion;  this  phenomenon  may  cause  the  deviations  in  thrust  and  pressure  peak  at  the 
end  of  burning  time  in  calculations. 
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DISCUSSION 


R.C. Parkinson,  PERME,  Westcott,  UK 

I  would  like  to  make  the  comment  that  King's  theory  for  erosive  burning  assumes  a  “flame  bending”  mechanism 
with  the  assumption  that  the  flame  zone  occurs  at  a  fixed  flow  distance.  Taking  the  more  reasonable  assumption 
that  the  flame  zone  is  determined  by  a  mixing  time,  which  describes  non  erosive  burning  better,  King’s  theory  will 
not  give  any  erosive  burning  at  all.  That  King’s  theory  does  work  is  probably  because  he  takes  account  of  the 
changes  in  velocity  profile  adjacent  to  the  burning  surface.  This  aspect  is  dealt  with  in  my  paper  (Paper  No.  10). 

It  is  probable,  however,  that  the  theory  cannot  be  extrapolated  indefinitely  from  known  experience  and  must  be 
treated  with  caution. 

Author’s  Reply 

Your  comment  notes  the  good  agreement  between  known  experimental  evidence  and  the  predictions  by  King’s 
theory.  In  addition  to  the  data  I  have  given  some  more  experimental  evidence,  with  different  grain  sizes  and 
geometry  has  been  obtained  but  not  yet  published.  Again  good  agreement  between  theory  and  experiment  is 
obtained.  These  suggest  that  King’s  approach  is  a  very  good  predictive  tool  for  internal  ballistic  performance. 


M.Barrere,  ONERA,  Fr 

Why  don’t  you  replace  the  flow  angle  6  by  the  friction  coefficient  Cf.  since  they  are  approximately  the  same.  For 
the  determination  of  6  you  use  the  data  of  Mickley  and  Davis  in  which  the  injection  mass  flow  rate  from  the 
surface  is  small  in  comparison  to  the  main  mass  flow  rate  along  the  surface,  approximately  1/1000.  Therefore  why 
not  determine  the  erosive  factor  from  the  local  friction  coefficient  Cf? 

Author’s  Reply 

Significant  erosive  burning  occurs  at  the  aft  end  of  the  propellant  grain.  Here  the  injection  mass  flow  rate  is  very 
small  in  comparison  to  the  main  flow  rate.  This  is  exactly  the  case  in  the  Mickley-Davis  experiments  and  it  is  there¬ 
fore  convenient  and  appropriate  to  use  the  flow  angle  6  .  1  see  no  advantage  in  changing  to  another  empirical 
approach  such  as  the  use  of  Cf  and  an  erosion  factor. 


L.Caveny,  Princeton  University,  US 

You  stated  that  your  transient  burning  results  were  not  wholly  satisfactory.  If  you  use  something  as  simple  as  the 
Von  Elbe  model  for  the  transient  process  then  you  must  take  account  of  the  involvement  of  the  thermal  wave  and 
condensed  phase.  Following  this  the  ZELDOV1CH  approach  for  modelling  the  transients  of  the  flame  may  be  useful. 

Author’s  Reply 

We  used  this  burning  rate  model  because  it  is  utilised  in  the  “solid  Rocket  Performance  Prediction"  method  of  the 
Rocket  Propulsion  Laboratory  (RPL).  We  attempted  to  determine  the  transient  burning  rate  effect  on  ignition 
transients. 


Comment  by  H.F.R.Schoyer,  Delft  University,  Ne 

The  Von  Elbe  model,  first  presented  16  years  ago,  is  attractive  from  an  engineering  viewpoint  because  of  it's 
simplicity.  However  caution  is  required  in  applying  it  to  transient  burning.  It  does  not  predict  the  time  lag 
between  a  variation  in  pressure  and  the  consequential  variation  in  burning  rate. 
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ALUMINUM  COMBUSTION  UNDER  ROCKET  MOTOR  CONDITIONS* 

Leonard  H.  Caveny  and  Alon  Gany 
Princeton  University 
Princeton,  New  Jersey  08544,  USA 


SUMMARY 

Combustion  processes  of  aluminum  particles  emitted  from  the 
surface  of  solid  propellants  were  studied  under  rocket  motor, 
cross-flow  conditions  as  well  as  strand  burning  conditions. 
High-speed,  color  photographs  ('''5,000  fr/s)  were  taken  of  Al-O- 
agglomerates  forming  on  the  surface,  moving  along  the  surface, 
entering  the  flow  field,  and  breaking-up  in  nozzles.  Experiments 
were  conducted  for  cross-flow  velocities  as  high  as  30  m/s  and 
pressures  between  2  and  10  MPa.  Data  were  obtained  for  a  double¬ 
base  propellant  with  up  to  13%  Al. 

Agglomerate  size  distributions  were  obtained  by  direct 
measurements  from  the  films.  Analysis  of  size  distributions  of 
the  agglomerates  leaving  the  surface  reveals  that  the  following 
parameters  decrease  with  increasing  pressure:  collision  frequency 
on  the  surface,  the  agglomerate  stay  time  on  the  surface,  and  mean 
agglomerate  size.  Increasing  the  cross-flow  velocity  decreases  the 
mean  agglomerate  size.  However,  chamber  pressure  has  the  most  pro¬ 
nounced  effect  on  agglomerate  size.  The  propellants  which  contain 
the  large  aluminum  particles  (e.g.,  50  vs.  6  pm)  burn  without  the 
aluminum  igniting  or  agglomerating  on  the  surface.  A  model  was 
developed  that  accounts  for  accumulation  of  aluminum  particles  in 
a  mobile  surface  layer,  retention  of  particles  by  surface  tension 
forces,  and  ignition  on  the  surface.  The  model  correlates  the 
data  and  is  the  basis  for  a  methodology  for  selecting  an  aluminum 
particle  size  range  to  obtain  the  minimum  agglomerate  size.  Photo¬ 
graphs  of  the  agglomerate  breakup  processes  in  a  converging  nozzle 
were  used  to  obtain  data  on  breakup  as  a  function  of  agglomerate 
size  and  two-phase  flow  velocities.  The  minimum  agglomerate  size 
for  breakup  was  correlated  in  terms  of  the  ratio  of  shear  forces  to 
surface  tension  forces. 


INTRODUCTION 

Recent  investigations  at  Princeton  University  examined  three  aspects  of  aluminum  com¬ 
bustion  in  solid  propellant  and  solid  propellant  rocket  motors:  (a)  formation  of  Al/Al.O.. 
agglomerates  during  propellant  combustion  (1) ,  (b)  the  influence  of  cross-flow  on  23 

agglomerate  formation  (2),  and  (c)  agglomerate  break-up  under  shear  flow  conditions  (3). 
This  paper  summarizes  and  unifies  the  results  which  appeared  in  three  papers  (i.e.. 

Refs.  1-3). 

The  original  aluminum  particles  added  to  solid  propellants,  burn  either  as  single 
particles  or  form  agglomerates  which  may  contain  hundreds  or  even  thousands  of  the  original 
aluminum  particles.  In  general,  smaller  agglomerate  masses  lead  to  higher  combustion 
efficiencies,  less  slag  retention,  and  lower  two-phase  flow  losses  as  the  combustion 
products  accelerate  through  the  rocket  nozzle.  Also,  the  desired  range  of  agglomerate  mass 
and  size  required  to  defeat  a  particular  mode  of  acoustic  instability  is  very  dependent  on 
the  frequencies  of  the  undesired  oscillations.  Thus,  control  and  knowledge  of  agglomerate 
size  is  often  an  important  consideration  in  propellant  and  rocket  motor  development 
programs . 

Experimental  studies  of  burning  aluminized  propellants  and  propellant  ingredients  in 
quiescent  atmospheres,  e.g..  Refs.  4-9,  reveal  some  of  the  details  of  the  processes  taking 
place  at  the  burning  surface.  A  large  amount  of  valuable  information  about  the  behavior  of 
aluminized  propellants  was  summarized,  for  example,  by  Pokhil,  Frolov,  et  al.  (10,11)  and 
Micheli  and  Schmidt  (12)  .  Rocket  motor  studies  (13)  have  shown  that  important  propellant 
performance  increases  can  be  obtained  by  improving  combustion  efficiencies  of  propellants 
containing  high  loadings  of  aluminum.  It  has  been  hypothesized  that  the  two-phase  flow 
processes  in  the  nozzle  produce  breakup  of  sufficiently  large  agglomerates  and  thereby 
permit  improved  combustion  efficiencies  to  be  achieved.  However,  until  recently,  direct 
observations  of  agglomerate  breakup  under  rocket  motor  nozzle  flow  conditions  had  not 
been  made. 

Conclusions  with  respect  to  agglomerate  size,  combustion  efficiency,  and  slag  formation 
must  be  limited  to  particular  propellant  types  burning  in  particular  rocket  motors. 
Accordingly,  generalizations  are  avoided  in  this  paper.  The  primary  contribution  of  the 
paper  is  that  it  illustrates  three  distinct  processes  that  affect  agglomerate  size.  In  many 
situations,  a  combustion  analyst  must  consider  all  three  aspects  during  the  selection  of  a 
propellant  formulation,  rocket  motor  internal  geometry,  and  acceleration  field. 

*Based  on  research  performed  under  AFOSR  GRANT  76-3104  issued  by  Air  Force  Office  of 
Scientific  Research. 


EXPERIMENTAL  APPROACH 

High-speed  color  movies  (between  2000  and  5000  fr/s)  were  taken  of  propellants  burning 
as  strands  and  burning  in  a  7  cm  long  window  motor,  which  used  two  propellant  slabs 
0.6  cm  wide.  Photographing  the  burning  of  aluminized  propellants  in  a  rocket  motor  flow 
field  presented  several  problems  not  encountered  during  the  photography  of  strands  burning 
in  a  quiescent  atmosphere.  Firstly,  the  transparency  of  the  windows  in  the  motor  (adjacent 
to  the  burning  propellant  and  converging  nozzle)  must  be  maintained.  For  low  flow  con¬ 
ditions,  this  was  accomplished  by  using  polymethylmethacrylate  windows  which  ablate 
slightly,  thereby  removing  the  deposits  which  would  normally  build  up  on  glass  or  quartz 
windows.  Under  high  flow  conditions,  deposits  did  not  build  up  on  tempered  glass. 

Secondly,  under  typical  motor  conditions,  the  number  of  emitting  Al/Al-O,  agglomerates  is 
so  great  that  an  individual  particle  in  the  continuum  cannot  be  examined;  Furthermore, 
since  the  photographic  depth  of  field  is  less  than  about  0.3  cm,  photographing  thick 
agglomerate  clouds  obscured  the  details  of  the  agglomerates  within  the  region  of  sharp 
focus.  This  depth  of  field  and  discrimination  situation  was  overcome  by  photographing  the 
flame  zone  above  thin  strips  of  aluminized  propellant  cast  between  sections  of  non- 
aluminized  propellant.  In  this  manner,  combustion  processes  of  individual  agglomerates 
could  be  visualized.  In  the  field  of  view  of  the  photography  (^8  mm  along  the  flow  axis) , 

there  was  little  opportunity  for  the  parallel  gas  streams  (from  the  aluminized  and  non- 

aluminized  propellants)  to  mix;  the  local  environment  of  the  burning  aluminum  (near  the 
propellant  surface)  was  approximately  the  same  as  it  would  have  been  if  the  entire  pro¬ 
pellant  charge  had  been  aluminized. 

The  experimental  apparatus  is  shown  schematically  in  Fig.  (1) .  Two  configurations 
for  observing  the  burning  surface  were  used.  In  the  first  configuration,  a  side  view  was 
obtained  and  the  propellants  slabs  were  cast  directly  onto  the  window,  and  the  initial 

port  passage  was  usually  set  to  be  2  mm.  In  the  second  configuration,  the  view  normal-to- 

the-propellant  surface  was  obtained  and  the  propellant  (viewed  by  the  camera)  was  not 
bonded  to  the  window.  The  location  of  the  portion  of  the  propellant  which  was  aluminized 
was  varied  to  obtain  the  desired  cross-flow  conditions. 

The  plastisol  double-base  propellants  described  in  Ref.  (14)  was  used.  The  formula¬ 
tion  for  the  basic  non-aluminized  propellant  is  53.7%  nitrocellulose  (NC) ,  39.3%  tri- 
methylol ethane  trinitrate  (TMETN) ,  and  7.0%  triethylene  glycol  dinitrate.  The  aluminized 
propellants  used  in  the  experiments  are  the  basic  propellant  with  aluminum  contents  as  high 
as  13%.  Two  size  ranges  of  aluminum  powders  were  used:  6  and  50  pm.  The  basic  propellant 
has  been  characterized  by  a  wide  variety  of  combustion  and  ignition  studies. 

MODELING  THE  AGGLOMERATE  FORMATION  DURING  PROPELLANT  COMBUSTION 

Two  sets  of  photographs  illustrate  two  important  observations.  Figure  (2)  shows  the 
strong  dependency  of  burning  rate  (and  pressure)  on  agglomerate  size.  Figure  (3)  shows 
that  agglomeration  can  increase  markedly  as  aluminum  particle  size  is  decreased. 


Aluminum  particles  brought  into  close  contact  and  maintained  under  appropriate  heating 
conditions  will  agglomerate.  An  adhesion  process  starts  at  a  temperature  of  about  700  K 
[Refs.  (4)  and  (5)1,  below  the  aluminum  melting  point  (933  K) .  At  the  aluminum  melting 
temperature,  the  adhesion  process  is  enhanced  by  the  formation  of  "welding  bridges"  among 
the  particles,  consisting  of  molten  aluminum  flowing  through  cracks  in  the  oxide  shells. 

The  oxide  shells  remain  solid  and  retard  fast  oxidation  and  self-sustained  combustion  of 
the  particles.  According  to  Ref.  (10),  ignition  can  take  place  (in  a  propellant  combustion 
gas  environment)  when  the  particles  achieve  a  temperature  of  about  1300  to  1500  K. 

Merging  of  the  adjacent  particles  is  accomplished  when  they  reach  the  A1_0,  melting  point 
(2300  K) ;  then,  large  agglomerates  with  spheroid  shapes  are  formed. 

Reference  (1)  reported  additional  data  relating  to  aluminized  propellant  combustion 
and  unified  in  the  form  of  a  model  the  previous  observations  which  have  been  made  con¬ 
cerning  the  agglomeration  mechanism,  ignition,  and  ejection  processes.  The  propellants 
which  are  of  interest  in  this  study  are  those  in  which  the  condensed  phase  granularity  is 
generally  less  than  that  of  the  aluminum  particles.  The  class  of  propellants  in  which 
condensed  phase  granularity  significantly  affects  agglomeration  was  the  subject  of  the 
Crump  Pocket  Model  (6) . 

Outline  of  the  Physical  Model 

While  the  overall  combustion  process  of  the  propellant  appears  to  be  steady,  the  pro¬ 
cesses  associated  with  the  microscale  are  very  unsteady.  The  influences  on  an  individual 
aluminum  particle  are  indicated  on  Fig.  (  4  ) .  The  model  which  considers  the  scale  of  the 
individual  aluminum  particle  can  be  summarized  as  follows: 

1.  A  thin  mobile  layer  which  consists  of  intermediated  decomposition  and 
melt  products  (referred  to  as  the  reaction  layer)  exists  at  the  surface. 

This  layer  is  the  site  of  several  processes. 

2.  Initial  heating,  and,  in  some  cases,  accumulation  of  the  particles  takes 
place  in  the  reaction  layer. 

3.  Before  merging,  individual  particles  are  heated  separately.  Individual 
particles  exposed  to  intense  heating  will  ignite  first. 

4.  Agglomeration  requires  a  certain  minimum  of  particle  accumulation  (and 
close  contact)  prior  to  ignition  and/or  ejection  from  the  surface. 


5.  Agglomerate  size  is  related  to  the  amount  of  accumulation  before 
ignition  or  ejection. 

6.  Whether  agglomeration  and/or  ignition  of  particles  will  take  place  on 
the  surface  depends  on  the  relationship  between  the  characteristic  times 
of  accumulation  and  ignition  and  on  forces  acting  on  the  particles. 

The  existence  of  adhesion  and  surface  tension  forces  are  apparent  from  observing  high¬ 
speed  movies  of  burning  aluminized  propellants.  Knowing  the  nature  of  the  surface  layer 
(i.e.,  molten)  supports  the  interpretation  of  these  observations.  Other  investigators 
recognize  the  surface  adhesion  [Refs.  (5)  and  (6))  and  are  attempting  to  gain  more 
information  on  it. 

The  first  heating  and,  in  some  situations,  accumulation  of  the  metal  particles  can 
take  place  in  the  surface  reaction  layer,  where  the  effects  of  the  outer  flow  are  minor. 

The  reaction  layer  thickness  can  be  approximated  from  the  solution  of  the  heat  conduction 
equation  in  the  condensed  phase  and  data  for  NC  double-base  propellant  (14). 

The  conditions  for  accumulation  in  the  reaction  layer  are  the  following:  (1)  the 
particles  are  smaller  than  the  reaction  layer  thickness,  (2)  the  surface  tension  over¬ 
comes  the  forces  acting  against  it  (e.g. ,  drag),  and  (3)  either  no  ignition  or  delayed 
ignition  of  the  particles  in  the  reaction  layer  occurs.  The  condition  for  retaining  an 
individual  particle  in  the  reaction  layer  (condition  2)  is  obtained  from  the  balance 
between  the  surface  tension  force  and  the  drag  force  resulting  from  the  penetration  of 
the  retained  particle  into  the  mobile  material  at  a  speed  equal  to  the  burning  rate. 

Due  to  the  surface  tension,  the  regressing  surface  will  retain  particles  as  the 
surface  regresses,  while  only  the  top  of  each  particle  may  be  exposed  to  the  gaseous  flame 
environment.  Moving  with  the  regressing  surface,  each  particle  will  encounter  other 
particles;  this  process  forms  a  dense  packing  of  particles  in  the  mobile  reaction  layer. 
Additional  accumulation  will  result  in  the  forcing  of  the  accumulate  into  the  gaseous 
flame  zone  [see  Fig  (5)). 

Heating  and  flow  effects  are  much  more  intense  above  the  surface  than  in  the  decompo¬ 
sition  layer.  Final  agglomerate  size,  ignition  process,  and  ejection  from  the  surface  are 
all  affected  by  the  conditions  on  the  surface.  When  accumulates  (or  particles)  are  pro¬ 
truding  from  the  condensed  phase,  their  leading  edge  is  fully  exposed  to  surface  heat  flux 
conditions.  The  characteristic  times  for  melting  and  ignition  (tj_)  become  much  shorter 
than  when  they  are  in  the  decomposition  layer.  When  the  particlesyon  the  top  of  the 
accumulate  ignite,  the  flame  spreads  over  the  accumulate  and  additional  heat  is  provided 
for  melting  and  merging  of  the  particles;  thus,  a  large  burning  agglomerate  may  be  formed. 
A  time  for  minimum  accumulation  (tac,min)  that  can  lead  to  agglomeration  is  taken  as  the 
time  to  accumulate  one  densely-packed  particle  layer. 

Observations  Based  on  the  Proposed  Model 


The  model  provides  a  means  to  examine  the  behavior  of  aluminum  in  double-base  or  other 
homogeneous  propellants.  A  complex  dependence  of  surface  processes  on  various  factors  can 
be  drawn.  Different  effects  can  be  interpreted  by  the  relationship  among  the  various 
characteristic  times.  The  potential  of  the  model  is  demonstrated  in  this  summary  by  the 
examination  of  a  few  parameters.  Figure  (6)  shows  the  dependence  of  agglomeration, 
ignition,  and  ejection  processes  on  the  aluminum  particle  size.  This  figure  was  drawn  for 
a  propellant  which  contains  13%  aluminum  burning  at  7.6  MPa.  It  demonstrates  the  domains 
in  which  the  particle  behavior  is  changed  from  agglomeration  and  ignition  on  the  surface 
to  ejection  of  unignited  individual  particles. 

According  to  the  outline  of  the  model,  agglomeration  will  not  take  place  if  individual 
particles  ignite  prior  to  sufficient  accumulation.  Applying  this  statement  to  particles 
smaller  than  the  decomposition  layer  thickness,  a  nondimensional  number  N  t .  /t 
can  be  used  as  a  criterion  for  agglomeration.  Agglomeration  degree  will  q  lg  ac'fflin 
increase  for  N  >1  and  decrease  (sharply)  for  N  <1. 
a  9 

Figure  (7)  illustrates  the  agreement  between  the  calculated  and  experimental  results  as 
a  function  of  particle  size  and  pressure. 

The  model  explains  the  known  trend  of  decreasing  average  agglomerate  size  with 
increasing  burning  rate  (and  pressure) .  The  reduction  in  reaction  layer  thickness  with 
increasing  burning  rate  leads  to  a  smaller  degree  of  accumulation  and,  thus,  smaller 
agglomerates.  Other  factors  such  as  increased  surface  heating  rate  with  increased  pressure 
lead  to  more  rapid  ignition  and,  thus,  shorter  stay  times  on  the  surface  at  higher 
pressures.  The  four  agglomeration  and  ignition  zones  described  in  Figure  (6)  shift  toward 
smaller  particle  sizes  as  pressure  increases.  Thus,  smaller  particles  are  necessary  for 
agglomeration  at  higher  pressures. 

VISUALIZATION  OF  AGGLOMERATE  FORMATIONS  UNDER  CROSS-FLOW  CONDITIONS 

The  emphasis  of  this  portion  of  the  resea ich  is  on  photographing  and  interpreting  the 
burning  of  aluminized  propellants  under  cross-flow  conditions  similar  to  those  that  exist 
in  rocket  motors.  High-speed  photographs  were  taken  of  agglomerates  forming  on  the  surface, 
moving  along  the  surface  and  entering  the  flow  field,  and  the  agglomerates  burninq  (and 
undergoing  further  agglomeration)  in  the  flow  field.  Several  laboratories  (most  notably 
the  work  at  the  Naval  Weapons  Center,  China  Lake,  CA,  USA) ,  have  obtained  high  resolution 
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photographs  of  aluminized  propellants  burning  as  strands  in  quiescent  atmospheres. 

These  photographs  revealed  information  about  metal  burning  processes  isolated  from  the 
shearing  forces  of  high-speed  flow.  However,  to  answer  the  questions  that  have  been 
raised  concerning  metal  agglomerate  particle  size  and  combustion  efficiency,  the  results 
obtained  in  quiescent  atmospheres  must  be  complemented  by  results  obtained  under  cross- 
flow  conditions.  Other  investigators  [e.g.,  (10),  (12),  (13))  have  studied  how  formulation, 
pressure,  and  port  geometry  affect  the  size  distribution  of  metal  agglomerates  under 
rocket  motor  conditions,  but  those  investigations  were  not  concerned  with  visualizing 
the  combustion  processes  that  produced  the  agglomerates. 

Volume  fluxes  of  the  agglomerates  leaving  the  surface  were  obtained  over  the  full 
range  of  the  test  conditions  and  were  used  to  calculate  accumulated  volume  versus  particle 
size.  For  the  range  of  cross-flow  effects  considered,  the  most  prominent  influence  on 
the  agglomerate  size  is  chamber  pressure.  Actually,  the  combined  effects  of  both  the 
pressure  and  the  burning  rate  can  not  be  separated.  Figure  (8)  summarizes  the  results 
obtained  for  several  cross-flow  conditions  for  pressures  between  3.7  and  7.5  MPa; 
prominent  changes  occur  in  many  of  the  parameters.  The  average  agglomerate  size  (of  the 
larger  particle  distribution)  decreases  from  'v  650  gm  at  3.7  MPa  to  x  220  urn  at  7.5  MPa. 

The  stay  time  of  the  agglomerates  on  the  burning  surface  changes  from  40  -  100  ms  to 
5-9  ms;  the  frequency  of  collisions  decreases  from  »  70  to  '  (  per  100  particles 
leaving  the  surface,  and  the  number  flux  increases  tremendously  from  250  to  12,000 
part icles/cm2-s . 

Similar  trends  were  found  by  Pokhil ,  et  al.  (10),  although  their  agglomerate  sizes 
are  smaller  than  in  this  investigation.  The  Ref.  (10)  results  were  obtained  from  small 
rocket  motors  fired  in  a  particle  collection  combustor. 

Port  flow  velocity  affects  the  stay  time  of  the  agglomerates  on  the  surface  in 
several  ways:  (1)  by  pushing  the  agglomerates  along  the  surface  and  destabilizing  them 
and  (2)  by  aerodynamic  lifting  due  to  the  concave  shape  of  the  agglomerates.  The  move¬ 
ment  along  the  surface  appears  to  weaken  the  adhesion  force  to  the  surface  and  shorten 
the  stay  time  on  the  surface.  In  the  low  speed  region,  the  lifting  force  is  relatively 
small  while  the  drag  is  comparable  to  the  weight  of  the  particles.  Therefore,  in  the 
low  speed  region,  the  cross-flow  effects  depend  on  the  geometry;  when  this  flow  acts 
against  the  weight,  it  may  even  enhance  the  agglomeration  process  by  slowing  the  move¬ 
ment  of  the  agglomerates  and  stabilizing  the  adhesion  to  the  surface.  Higher  flow 
velocities  shorten  the  stay  time  of  the  agglomerates  on  the  surface  and  result  in  smaller 
agglomerates . 

Other  Observations 


As  stated  before,  the  aluminum  particle  size  is  an  important  factor  in  the  agglomera¬ 
tion  and  combustion  processes.  Two  regimes  were  observed.  When  the  6  ym  aluminum  powder 
is  used,  the  particles  are  usually  ignited  on  the  surface  and  form  large  spherical  burning 
agglomerates  which  remain  on  the  burning  surface,  (e.g.,  for  as  long  as  100  ms  at  3.7  MPa) 
and  then  enter  the  gas  flow.  The  50  urn  powders  neither  ignite  on  the  surface  nor  form 
agglomerates  on  the  surface;  they  move  on  the  surface  due  to  the  cross-flow  of  the  gas 
and,  then,  abruptly  leave  the  surface  unignited.  Ignition  occurs  in  the  gas  stream  and 
the  diameter  of  the  burning  particles  appears  to  be  the  same  size  as  the  original 
aluminum  powder. 

AGGLOMERATE  BREAKUP  UNDER  SHEARFLOW  CONDITIONS 


Observations  and  calculations  based  on  a  combustion  model  of  AI/AI2O3  agglomerates 
(10)  indicate  that  only  a  fraction  of  the  Al  in  large  (e.g.,  400  to  800  nm)  agglomerates 
has  time  to  burn  inside  the  chamber  of  high  performance,  moderate-size  motors.  Taking 
into  account  the  unbumed  Al,  a  reduction  in  the  motor  performance  compared  with  the 
theoretical  would  occur. 

The  results  of  Ref.  (3)  revealed  that  at  sufficiently  high  two-phase  flow  lags, 
agglomerates  begin  to  be  deformed  and  then  suddenly  (within  t  0.2  ms)  break  up.  The  result 
is  a  large  number  of  much  smaller  agglomerates.  On  the  films,  it  is  seen  as  a  sudden 
expansion  of  the  flame.  Each  film  sequence  reveals  a  variety  of  events,  e.g.,  breakup  of 
the  larger  agglomerates,  smaller  agglomerates  passing  through  the  nozzle  without  breaking 
up,  medium  size  agglomerates  deforming  but  not  breaking  up,  agglomerates  colliding  with 
the  wall  and  being  deflected  (with  or  without  breakup) ,  and  agglomerates  adhering  to  the 
wall . 


Figure  (9)  is  a  typical  sequence  of  a  relatively  large  agglomerate  being  accelerated 
and  breaking  up  after  it  has  been  subjected  to  the  maximum  two-phase  flow  lag  which 
occurred  at  the  throat.  Direct  projection  of  the  original  high-speed  sequences  reveal  more 
detail  than  the  prints. 

The  Weber  number,  which  is  the  ratio  of  inertial  forces  to  surface  tension  forces, 
was  found  to  be  a  good  correlation  parameter.  The  surface  tension  of  AljO,  at  2300  K 
is  't  0.7  N/m  and  the  surface  tension  of  aluminum  is  t  0.9  N/m  in  the  temperature  range  of 
970  to  1020  K.  The  surface  tension  of  AI2O3  was  used  in  the  calculations.  It  is  known 
that  for  low  Weber  numbers,  droplets  are  spherical.  They  tend  to  distort  when  the  Weber 
number  exceeds  about  4.  The  distortion  increases  with  increasing  We  until  breakup  occurs 
in  the  range  of  We  =  12  to  20. 
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The  particle  paths  of  over  70  agglomerates  were  measured  on  a  frame-to-frame  basis 
and  used  to  calculate  the  agglomerate  velocities.  The  gas  velocity  through  the  nozzle  was 
calculated  taking  into  account  the  flow  area  restriction  due  to  the  agglomerates.  The 
Weber  number  was  calculated  along  the  direction  of  flow  and  usually  achieved  its  maximum 
value  at  the  beginning  of  the  parallel-sided  throat.  Figure  (10)  illustrates  this  pro¬ 
cess  for  an  agglomerate  which  did  not  break  up. 

Figure  (11)  summarizes  results  obtained  from  four  tests  and  demonstrates  that 
agglomerate  breakup  usually  occurs  when  a  critical  Weber  number  of  approximately  28  is 
exceeded.  Thus,  the  observed  critical  Weber  number  is  close  to  the  maximum  values  ob¬ 
served  in  less  hostile  environments  for  carefully  characterized  liquids.  Because  of  the 
uncertainty  in  the  agglomerate  d  imeter  and  composition,  the  calculated  Weber  numbers  are 
probably  systematically  high. 

Rocket  motor  performance  conclusions  cannot  be  based  only  on  the  dimensions  of 
agglomerates  leaving  the  propellant  surface;  the  important  effect  of  the  accelerating  flow 
field  on  the  moving  agglomerates  must  be  considered  also,  and  agglomerate  breakup  criteria 
are  required.  If  agglomerate  breakup  results  in  sufficiently  small  droplets  and  if  the 
nozzle  is  sufficiently  long,  the  agglomerates  can  burn  completely  inside  the  nozzle,  and, 
hence,  the  motor  efficiency  increases. 

CONCLUSION 

The  experiments  described  in  this  paper  permit  the  visualization  of  the  combustion, 
agglomeration,  and  break-up  processes  of  aluminum  particles  and  agglomerates  emitted 
from  the  propellant  surface  under  quiescent  and  cross-flow  conditions.  Quantitative 
measurements  of  the  agglomerate  distribution  under  various  conditions  are  an  important 
result  of  the  investigations. 

The  analytical  studies  provide  a  framework  for  interpreting  and  anticipating  how 
propellant  formulation  and  internal  flow  fields  will  affect  the  aluminum  combustion  and 
agglomeration  processes. 
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ALUMINIZED  PROPELLANT  GRAPHITE  TEST  SECTION 

Fig.  1  Diagram  of  windowed  rocket  motor  showing  photo¬ 
graphic  field  of  view  for  agglomerates  in  cross- 
flow  and  agglomerate  breakup  experiments. 
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Fig.  5  Accumulation  process  in  the  mobile  reaction 
layer  showing  how  regression  of  the  surface 
concentrates  the  aluminum  particles  and  ex¬ 
poses  them  to  the  flame. 
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Fig.  6  Characteristic  times  of  accumulation  and  ignition 
of  aluminum  particles  affect  the  agglomeration 
characteristics. 
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Fig.  7  Agglomeration  as  a  function  of  particle  size 
and  pressure. 
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Fig.  8  Volume  distribution  of  agglomerates  for  a  range 
of  motor  pressures.  Note:  (1)  decrease  of 
agglomerate  size  with  increasing  pressure; 

(2)  some  tendency  of  decreasing  particle  size  with 
increasing  port  flow  velocity. 
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GAS  VELOCITY  AT  THROAT,  93  m/s 


-  IN  FIRST  SEQUENCE,  A  SINGLE  AGGLOMERATE 
(1040  jfi)  ENTERS  NOZZLE  AND  BREAKS  UP. 

-  IN  SECOND  SEQUENCE,  TWO  AGGLOMERATES  (1390 
AND  320  jm)  ENTER  NOZZLE  AND  AT  LEAST  ONE 
BREAKS  UP. 


Fig.  9  Agglomerates  breaking  up  in  subsonic  converging 
nozzle. 
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Fig.  10  Measured  particle  velocity  and  calculated  gas 
velocity  and  corresponding  Weber  numbers  for 
agglomerate  that  did  not  break  up  (580  um  size). 
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Fig.  11  Agglomerate  breakup  occurs  at  sufficiently 
high  Weber  numbers. 
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DISCUSSION 


R.C. Parkinson.  PERME,  Westcotl,  UK  ' 

You  have  considered  agglomerate  break-up  under  the  acceleration  conditions  at  the  entry  to  the  nozzle.  However 
the  acceleration  of  gas  in  the  motor  conduit  is  comparable  to  the  accelerations  in  the  rocket  nozzle.  In  particular, 
particles  injected  into  the  conduit  gas  stream  by  propellant  very  close  to  the  downstream  end  of  the  charge  must 
accelerate  up  to  the  main  stream  velocity  very  quickly. 

Have  you  any  observations  of  the  relative  mechanics  of  agglomerate  break-up  under  acceleration  in  the  conduit 
and  in  the  nozzle? 

Author’s  Reply 

This  question  is  pertinent  to  various  internal  motor  geometries,  for  example  the  ejection  of  a  stream  from  a  slot  into 
the  main  flow  stream  Experiments  at  Princeton  University  with  a  50  cm  window  motor  had  mean  port  flow 
velocities  as  high  as  200  m/s.  Only  in  rare  instances  were  phenomena  similar  to  break-up  observed.  The  2  phase 
flow  lag  was  of  the  order  of  10  20  m/s  and  in  the  experiments  presented  in  the  paper  of  the  order  50  100  m/s. 

The  latter  is  more  like  the  converging  section  of  a  nozzle. 

Diameters  of  agglomerates  entering  the  port  flow  decreased  with  increasing  distance  along  the  port  and  agglomerate 
break-up  of  the  type  shown  in  Figure  0  was  not  observed.  The  decrease  in  size  was  similar  to  that  shown  in  Figure  8. 
Thus  the  compensating  effects  were  similar  to  the  trends  described  in  my  paper.  As  the  crossflow  velocity  increases, 
particle  break-up  was  not  observed  in  the  port  since  the  smaller  agglomerates  had  correspondingly  lower  Weber 
numbers. 


J.l)  Berard,  SNPF 

You  have  shown  that  you  can  define  a  critical  particle  size  for  aluminium  filler  in  the  propellant  with  respect  to 
agglomeration.  Smaller  particles  result  in  agglomeration  on  the  surface  whilst  larger  particles  do  not. 

This  may  perhaps  be  related  to  the  acoustic  response  for  a  given  frequency  for  aluminised  propellants  which  is 
known  for  SNPF  work  to  be  at  a  maximum  of  10  microns  aluminium  size  at  70  atmospheres.  Can  you  comment? 


Author’s  Reply 

In  the  presentation  the  plot  for  70  atmospheres  was  shown.  We  have  in  fact  produced  plots  over  a  range  ol  pressures. 
In  general  at  lower  pressures  the  mobile  layer  becomes  thicker  and  can  accumulate  larger  agglomerates.  However  we 
have  not  tried  to  relate  the  type  of  particle  or  agglomerate  to  acoustic  instability  effects.  We  have  been  looking  at 
very  large  particle  sizes  of  the  order  of  several  hundred  microns  whereas  much  smaller  particles  are  involved  in  gas 
phase  particle  damping. 


J.D.Berard.  SNPF 

My  question  was  not  related  to  particle  damping  and  small/large  particle  influence  but  rather  to  the  acoustic 
response  or  admittance  of  the  burning  surface. 

Author's  Reply 

We  have  not  tried  to  relate  our  work  to  this  aspect. 
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SUMMARY 

Powdered  aluminum  is  used  as  a  fuel  in  solid  rocket  propellants  because  the  chem¬ 
ical  equilibrium  calculations  show  that  it  provides  increased  specific  impulse  (some 
other  positive  and  negative  contributions  are  also  important).  However,  the  process 
by  which  aluminum  particles  proceed  to  final  combustion  products  is  exceedingly  complex, 
and  dependent  on  motor  operating  conditions,  details  of  propellant  variables,  and  even 
of  the  aluminum  powder.  The  paper  describes  the  behavior  of  aluminum  in  the  combustion 
zone,  the  mechanisms  causing  this  behavior,  and  the  significance  to  motor  performance, 
with  particular  emphasis  on  ammonium  perchlorate-hydrocarbon  binder-aluminum  propellants. 
The  features  of  aluminum  behavior  involve  retention,  concentration,  sintering  and  co¬ 
alescence  of  most  particles  on  the  propellant  burning  surface.  This  is  followed  by 
detachment  and  ignition  of  the  agglomerate  material,  burning  in  the  combustor  cavity 
with  formation  of  a  characteristic  population  of  oxide  droplets  in  a  diameter  distribu¬ 
tion  with  most  droplets  0.1  <  D  <  50  micrometers. 


INTRODUCTION 

Powdered  aluminum  is  used  as  a  fuel  ingredient  in  heterogeneous  solid  rocket  pro¬ 
pellants  because  it  is  a  dense,  energetic  fuel.  Unlike  other  ingredients,  it  does 
not  decompose  or  vaporize  at  the  propellant  burning  surface,  and  has  condensed  phase 
reaction  products.  As  a  result  it  exhibits  novel  behavior  in  the  combustion  zone,  not 
all  of  which  is  desirable.  Some  of  the  practical  effects  of  aluminum  include: 

1.  Increased  specific  impulse  and  density  of  propellants  (in  appropriate  formu¬ 
lations  and  motor  designs)! 

2.  Only  modest  change  in  propellant  burning  rate  in  most  types  of  propellants; 

3.  Suppression  of  combustion  instability; 

4.  Erosion  of  motor  components  by  aluminum  oxide; 

5.  Poor  combustion  efficiency  at  low  motor  pressures  or  in  small  motors; 

6.  Reduced  nozzle  thrust  efficiency  due  to  thermal  and  velocity  lag  of  oxide 
droplets; 

7.  Novel  aspects  of  the  exhaust  plume  due  to  large  aluminum  oxide  content. 

Of  these  various  effects  of  aluminum,  all  are  susceptible  to  some  measure  of  control, 
modification  or  compromise,  a  fact  that  has  led  to  fundamental  studies  of  the  detailed 
behavior  of  aluminum  in  the  combustion  zone.  It  is  this  detailed  behavior  that  will 
be  described  here,  along  with  related  studies  of  aluminum  behavior  in  controlled  labo¬ 
ratory  environments.  It  should  perhaps  be  stressed  that  the  effects  1-7  cannot  be  deter¬ 
mined  by  conventional  chemical  equilibrium,  combustion  and  heat  transfer  calculations 
because  of  analytical  difficulties  and  insufficient  information  about  aluminum  behavior 
and  oxide  product  characteristics. 

To  set  the  discussion  in  perspective,  it  is  helpful  to  describe  some  of  the  more 
gross  aspects  of  aluminum  behavior  that  are  applicable  in  varying  degree  to  all  alumi¬ 
nized  propellants.  Combustion  photography  shows  that  aluminum  particles  (typically 
15-40  urn  diameter)  tend  to  accumulate  on  the  burning  surface  (Figure  1).  When  the  con¬ 
centration  of  aluminum  in  the  propellant  is  greater  than  about  8t  by  weight,  the  parti¬ 
cles  are  concentrated  on  the  surface  until  they  become  connected  to  each  other.  These 
clumps  of  particles  (referred  to  here  as  "accumulates")  leave  the  burning  surface  col¬ 
lectively,  either  as  clumps  or  as  burning  droplets  (Figures  2,  3).  Depending  on  pro¬ 
pellant  variables  and  pressure,  the  assemblages  of  particles  usually  involve  several 
of  the  original  aluminum  particles — typically  100  to  1000,  and  sometimes  up  to  106. 
Coalescence  of  a  clump  of  particles  into  a  large  droplet  (referred  to  here  as  an  "agglom¬ 
erate"),  whether  on  the  burning  surface  or  later,  is  an  event  that  is  indistinguishable 
from  ignition.  At  a  distance  of  1000  micrometers  from  the  burning  surface  all  accumu¬ 
lates  have  been  converted  to  burning  agglomerates  (Figure  4). 

The  actual  details  are  observed  to  differ  among  propellants,  but  virtually  all  con¬ 
form  to  the  above  qualified  description.  Depending  on  the  size  of  agglomerates,  the 
pressure,  combustor  volume  and  combustor  flow  velocity,  the  combustion  of  aluminum  may 
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be  d  i  st  t  ibut  ed  throuqhout  the  combustor  and  even  beyond  the  noxzle.  The  details  ate 
still  often  speculative,  as  is  the  inforsution  on  sise  distiibution  ot  the  oxide  dioplet 
population.  Soae  inteiences  can  be  made  at>out  these  ptocesses,  but  simulation  ot  motoi 
conditions  is  ditticult  in  systematic  laboratory  test  1114  where  obseivation  ot  the  pto- 
cess  is  feasible.  Evidence  ot  the  behavior  tn  motors  can  be  interred  t 1 om  ettects  on 
speci t re  impu  Ise,  exhaust  plume  characteristics  and  combustor  stability.  However,  motor 
tests  are  not  aamnable  to  systematic  control  ot  variables,  unequivocal  interpretation 
ot  results,  or  economically  acceptable  systematic  studies,  so  efforts  continue  to  chut  - 
after  ire  behavior  from  laboratory  scale  tests. 

In  the  followinq,  the  nature  of  aluminum  powdei  response  to  heatinq,  and  factors 
conducive  to  aluminum  accumulation  on  the  butninq  surface  are  examined  first,  followed 
by  a  description  of  the  behavior  of  the  accumulated  aluminum  upon  continued  exposure 
to  the  hiqh  temperature  teqions  ot  the  flame. 


ALUMINUM  PROPER  i' IKS'  AND  RESPONSE  TO  HEATING 

Much  of  the  behavior  ot  aluminum  in  the  combustion  process  is  due  simply  to  the 
characteristics  of  aluminum.  Aluminum  is  hiqhly  reactive  in  most  oxidixinq  atmospheres, 
includinq  oxyqen,  air,  water  vapor  and  carbon  dioxide.  However,  aluminum  objects  are 
protected  from  reaction  by  formation  of  an  oxide  film  on  the  surface  that  is  an  effec¬ 
tive  barrier  to  diffusion  of  oxidixinq  species1.  This  is  true  of  the  inqredient  parti¬ 
cles  of  aluminum  in  a  propellant,  which  consequently  aie  reluctant  to  ignite  on  the 
propellant  burninq  surface.  Likewise,  the  aluminum  does  not  vaporise,  its  boilinq  point 
beinq  rouqhly  three  times  the  temperatuie  of  the  propellant  burninq  suiface.  On  the 
other  hand,  the  meltinq  punt  of  aluminum  is  in  the  same  ranqe  as  tempeiatures  on  the 
surface’'*’,  and  one  may  expect  this  to  be  manifested  in  the  aluminum  behavior.  Spe¬ 
cifically,  the  coefficient  of  thermal  expansion  of  the  metal  is  qieater  than  that  of 
the  oxide,  leadinq  to  stressinq  the  oxide  “skin"  durinq  heatinq.  Further,  the  aluminum 
expands  6*  by  volume  upon  meltinq.  Thus  the  protective  property  of  the  oxide  is  jeopard¬ 
ised  durinq  heatinq,  and  especially  at  the  aluminum  meltinq  point. 

In  order  to  observe  how  aluminum  powder  behaves  durinq  heatinq,  studies  have  been 
made  of  its  behavior  in  various  laboratory  experiments  amenable  to  control  ot  test  con¬ 
ditions  and  observation  of  microscopic  behavior.  A  useful  method  for  illustration  is 
the  hot  staqe  microscope,  which  permits  obseivation  durinq  heatinq,  and  provides  a 
sample  for  microscopic  and  other  study  after  a  controlled  heatinq  experience7'*1.  This 
technique  was  used  to  illustrate  response  to  heatinq,  as  illustrated  by  Fiqure  f>,  which 
shows  aluminum  powder  after  heatinq  to  1275°K  on  a  sapphire  disc.  The  powdei  heated 
in  oxyqen  looks  much  like  the  unheated  powder  (detailed  examination  shows  the  particles 
to  be  sintered  toqether).  The  powder  heated  in  arqon  has  larqely  aqq lome 1 ated ,  leavinq 
a  residue  of  oxide  skins  from  the  otiqinal  particles  (the  pictures  were  taken  at  room 
temperature  after  the  test,  usinq  a  scanninq  electron  microscope).  When  tests  are  tun 
on  dispersed  particles,  the  effect  of  the  aluminum  expansion  and  contraction  is  evident 
in  the  form  of  wrinkles  in  the  oxide  skin  (Fiqure  6b)  and  "warts"  formed  by  aluminum 
forced  thiouqh  flaws  in  the  oxide  skin  (Fiqure  6c).  Such  warts  are  accompanied  by  col¬ 
lapsed  teqions  of  the  parent  particle,  reflectinq  the  volume  of  aluminum  frozen  into 
the  wart  durinq  coolinq.  Some  particles  drain  from  the  oxide  skin  onto  the  sapphire 
plate,  leavinq  empty  oxide  shells  ( recoqni zable  in  an  optical  microscope) .  The  impor¬ 
tance  of  surface  forces  and  the  nature  of  the  oxide  skin  are  revealed  in  tests  on  plat¬ 
inum  surfaces  (Fiqure  6d) ,  where  the  aluminum  drains  into  a  conical  conf iqur at  ion , 
leavinq  the  collapsed  skin  at  the  tip  of  the  cone.  Continuinq  studies  show  that  the 
behavior  of  aluminum  powders  and  particles  depend  on  source  of  the  powder,  but  diffi¬ 
culties  in  determininq  and  conttollinq  the  relevant  details  of  the  oriqinal  particles 
and  conductinq  systematic  testinq  have  prevented  a  complete  under  stand inq  or  control 
of  aluminum  behavior  in  laboratory  testinq  and  propellants.  Commercial  powders  differ 
conspicuously  accordinq  to  manufacturer,  and  specifications  used  in  purchase  are  usually 
limited  to  some  rouqh  specification  on  size  distribution  and  purity. 


BINDER  RESPONSE  TO  HEATING  AND  IMPORTANCE  TO  ALUMINUM  BEHAVIOR 

Composite  propellants  contain  from  10  to  60*  by  volume  of  bindei  material,  with 
hydrocarbon  polymer  binders  normally  beinq  used  at  the  10-20*  level.  On  the  microscopic 
scale,  the  aluminum  particles  of  the  propellant  are  immersed  in  the  binder,  and  hence 
are  reached  by  the  recedinq  propellant  surface  while  in  a  decomposinq  binder  environment 
(Fiqure  7).  Since  accumulation  of  aluminum  on  the  surface  is  observed  to  be  an  impor¬ 
tant  factor  in  the  overall  aluminum  behavior,  it  is  relevant  to  note  the  nature  of  binder 
at  the  temperatures  present  near  the  burninq  suiface  where  this  aluminum  accumulation 
also  takes  place. 

Observations  of  binder  in  various  combustion  and  heatinq  experiments*1'11  in  the 
absence  of  aluminum  show  that  decomposition  involves  an  intermediate  melt  phase  at  tem¬ 
peratures  in  the  same  ranqe  as  the  aluminum  meltinq  point,  which  also  is  the  ranqe  of 
reported  propellant  burninq  surfaces.  Such  conditions  provide  the  opportunity  for  alu¬ 
minum  particles  to  be  retained  and  concentrated  in  (or  on)  the  surface  layer,  with  bindei 
residue  servinq  as  an  adhesive.  Fiqure  8*1  shows  the  results  of  visual  observations 
of  binder  behavior  durinq  the  relatively  alow  heatinq  of  a  hot  staqe  microscope  (10°C.  sec). 
These  results  show  binders  as  molten  to  tar-like  residues  at  temperatures  from  about 
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675kK  up  to  47S°K  of  so.*  Similai  teats  on  SO/SO  binder /aluminum  samples12  show  the 
aluminum  particles  emerging  as  interconnected  assemblages  with  substantial  agg lome t at  ion 
(figure  4).  Thus  one  sees  in  the  controlled  heating  expeiiments  the  same  kind  ot  alu¬ 
minum  particle  concentration,  adhesion  and  agglomeration  in  binder  that  is  observed 
on  the  propellant  during  burning.  In  the  propellant  combustion  zone,  the  ptocesses 
continue  until  disruptive  conditions  develop  locally  and  cause  the  aluminum  to  detach 
(tom  the  suttace. 

While  considering  the  role  ot  the  binder,  it  is  worthy  ot  note  that  the  aluminum 
is  usually  piesent  in  the  propellant  as  particles  that  are  tine  compared  to  the  oxidizer, 
and  hence  occurs  in  a  spatial  array  ot  the  binder.  Thus  it  initially  reaches  the  surface 
in  a  pattern  characteristic  ot  the  binder  distribution  (figure  10),  and  must  accumulate 
(or  a  protracted  time  (order  of  the  burning  time  ot  the  larger  oxidizer  particles)  betore 
it  loses  this  pattern.  In  other  words,  the  departing  aggregates  of  particles  will  be 
characteristic  fragments  ot  this  pattern  unless  accumulation  is  protracted.  As  will 
be  seen,  longer  retention  times  do  o.  it  under  many  practical  conditions.  Then  one 
must  look  beyond  the  binder  retention  of  aluminum  and  spatial  distribution  of  the  alu¬ 
minum  in  the  propellant  microstr uctur e  to  understand  such  accumulation  behavior. 


COMBUSTION  Of  ALUMINUM  WITH  SOLID  OXID12ERS 

While  it  is  not  surprising  that  aluminum  particles  do  not  burn  in  an  atmosphere 
of  hydrocarbon  binder  pyrolysis  products,  one  is  tempted  to  expect  that  the  particles 
would  burn  well  in  the  pyrolysis  products  ot  an  oxidizer.  That  speculation  is  generally 
valid,  but  combustion  does  not  occur  without  particle  ignition,  and  we  have  noted  that 
aluminum  is  resistant  to  ignition  because  of  the  protective  nature  of  the  oxide  skin. 
There  is  much  speculation  in  the  literature  about  definition  of  ignition  ot  aluminum 
pat t icles* J-1S(  and  it  seems  clear  that  they  can  survive  as  oxide-coated  droplets  to 
temperatures  as  high  as  the  1200°K  estimated  for  ammonium  perchlorate  t lames.  By  the 
same  token  it  is  no  surprise  that  dry-pressed  solid  samples  of  ammonium  perchlorate- 
aluminum  powder  mixtures  do  not  burn  well,  and  can  burn  without  ignit  ing  the  aluminum 
(figure  11)1<"1*.  Perhaps  more  of  a  surprise,  aluminum  accumulates  on  the  sur  f  ace  as 
an  interconnected  array  of  particles,  mani test ing  an  adhes i ve  process  between  t  he  gut  - 
t ace  and  the  aluminum,  finally,  the  accumulat ion  oT  aluminum  (oi  some  part  of  it)  can 
break  away  and  concur lently  inflame  pi opagat i ve ly  and  agglomerate  (figure  lib),  indicat¬ 
ing  that  ignit ion  can  occur  in  the  dynamics  ot  an  accumulat ion  even  when  the  individual 
particles  have  not  TgniTedT  IniTeed,  rt  Is  significant  that  when  the  aluminum  and  ammo¬ 
nium  perchlorate  particles  in  the  sample  are  of  equal  size  so  that  aluminum  particles 
encounter  each  other  only  infrequently,  little  or  no  surface  accumulation  occurs  and 
aluminum  part icles  fall  to  ignite  (Figure  11c).  Retention  of  aluminum,  when  it  does 
occur ,  Is  piobably  aT3ed~T>y  some  surface  forces  due  to  the  fluid  film  observed  on  the 
oxidizer  surface,  but  in  this  case  direct  cohesion  between  aluminum  particles  is  appar¬ 
ently  necessary  for  prolonged  retention.  Thus  in  summary,  the  presence  of  the  ox  id  l  zei 
def lagrat ion  does  not  precipitate  detachment  or  ignit ion  of  aluminum  pa i t icles ,  and 
may  even  aid  in  retention  ot  the  aluminum]  further,  aluminum  particles  can  sinter  to¬ 
gether  in  the  absence  of  binder  residue  as  an  adhesive,  much  as  in  the  case  noted  earlier 
of  dry  aluminum  powders  heated  in  an  oxidizing  atmosphere . 


DETACHMENT  OF  ALUMINUM  FROM  THE  BURN  I  NO  SURFACE 

Accumulation  and  detachment  of  aluminum  occur  in  a  variety  of  ways,  and  as  a  result 
of  conditions  too  varied  to  discuss  fully.  Detachment  may  occur  as  single  particles, 
as  undermined  fragments  ot  the  original  aluminum  distribution  in  the  m icrost t ucture , 
as  extensive  filigrees  of  loosely  interconnected  material  (Figuie  2),  as  large  sintered 
fragments,  or  as  molten  agglomerates  (Figure  3).  In  a  given  propellant,  the  disorder 
of  the  microstructure  assures  a  variety  of  behavior  from  a  single  burning  surface. 

In  normal  propellants,  ignition  of  the  aluminum  occurs  on  or  near  the  propellant  surface. 
If  it  occurs  on  the  burning  surface,  the  event  is  typically  abrupt  and  concurrent  with 
agglomeration,  with  detachment  from  the  surface  usually  following  immediately.  Under 
unfavorable  conditions  (low  pressure,  low  O/F  ratio,  unusually  high  aluminum  content), 
the  ignition  and  detachment  are  less  abrupt  (Figure  12),  the  spread  of  inflamation  and 
the  process  of  agglomeration  on  the  burning  surface  are  resolvable  in  combustion  photo¬ 
graphy,  and  lead  to  very  large  agglomerates. 

Nhile  the  factors  governing  detachment  are  too  varied  and  poorly  evaluated  to  de¬ 
scribe  or  -dolt  fully,  it  seems  clear  that  the  following  are  key  factors  in  detachment 
of  accumuli  id  aluminum: 

1.  Transitions  in  the  underlying  surface  to  oxidizer. 

2.  The  “blowing*  force  of  pyrolysis  products  from  the  underlying  surface. 

1.  Proximity  of  neighboring  aluminum  particles. 


Samples  ignite  at  875°K  in  oxygen. 
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4.  Progressive  changes  in  accumulated  material  due  to  "prolonged  exposure"  to 

the  adjoining  high  temperature  diffusion  flame  of  binder  and  oxidizer  products. 

5.  Proximity  of  the  diffusion  flame  and  its  effect  on  ignition  of  accumulated 
material.  (Fine  oxidizer,  burning  rate  catalysts  and  high  pressure  all  act 
in  this  way  to  produce  earlier  ignition  of  aluminum,  smaller  agglomerates.) 

The  importance  of  the  diffusion  flame  (Figure  lid)  lies  in  its  provision  of  temperatures 
high  enough  to  break  down  the  protective  oxide,  at  least  locally,  somewhere  in  an  accu¬ 
mulated  mass  of  aluminum.  Once  this  occurs  in  an  oxidizing  environment,  the  aluminum 
oxidation  provides  enough  heat  to  assure  inflamation  of  surrounding  parts  of  the  accu¬ 
mulation.  The  breakdown  of  oxide  brings  the  aluminum  surface  tension  forces  into  play, 
and  the  accumulate  coalesces  as  it  inflames.  This  is  illustrated  in  Figures  12  and  13, 
where  Figure  13  shows  accumulates  that  were  quenched  in  liquid  nitrogen  at  the  moment 
that  surface  tension  was  spheroidizing  the  molten  aluminum'6.  Unmelted  material  was 
still  present. 


COMBUSTION  OF  ALUMINUM  AND  NATURE  OF  PRODUCTS 

It  was  noted  earlier  that  the  formation  of  a  protective  oxide  film  on  the  aluminum 
surface  is  the  principal  barrier  to  ignition  of  an  otherwise  highly  reactive  metal. 
Ignition  of  aluminum  is  consequently  a  difficult  event  to  define  because  it  is  deter¬ 
mined  by  the  irreversible  breakdown  of  this  oxide  film  under  the  existing  state  of  the 
aluminum  accumulation  and  environment.  In  propellant  combustion,  the  aluminum  accumu¬ 
late  is  an  array  of  droplets  contained  and  held  together  by  the  sintered  oxide  "shells" 
(Figure  14),  and  mechanical  breakdown  may  be  the  initiating  step  of  ignition.  However, 
ignition  is  not  assured  until  local  melt-down  of  the  protective  oxide  at  about  2300°K. 
Because  the  liquid  oxide  and  aluminum  are  not  miscible,  when  the  oxide  does  melt,  it 
tends  to  retract  from  the  aluminum  surface,  with  a  corresponding  abrupt  rise  in  aluminum 
reaction  rate  and  rising  temperature.  This  quickly  establishes  a  detached  flame  over 
the  aluminum  surface,  fueled  by  evaporating  aluminum  and  readily  recognized  by  the  trail 
of  aluminum  oxide  smoke  formed  in  the  flame  and  carried  away  by  the  surrounding  gas 
flow  (visible  in  Figures  3,  4,  12,  15). 


Although  the  time  required  may  depend  on  many  factors,  the  burning  agglomerate 
apparently  becomes  a  molten  aluminum  droplet  with  an  oxide  lobe  (Figure  3,  16)  similar  to 
those  observed  in  laboratory  studies  of  single  particles  in  controlled  atmospheres  12,19-22. 
While  the  literature  is  not  consistent,  it  appears  that  burning  time  of  the  droplets  can 
be  estimated  by  the  classical  droplet  burning  rate  law2, 23-25 

T  -  *Don  (1) 

\ 

In  contrast  to  simple  diffusion-controlled  theory,  the  value  of  n  is  about  1.75  (values 
from  1.5  to  2.0  in  tjne  literature).  For  n  =  1.75,  a  value  of  k  of  0.5  x  10~5  sec/lum)1”1 
will  yield  approximately  correct  burning  times  under  rocket  motor  conditions.  A  150  jim 
agglomerate  requires  about  0.03  seconds  to  burn,  and  may  travel  1  m  in  the  motor  in 
that  time. 

The  progress  of  agglomerate  combustion  is  illustrated  schematically,  along  with 
approximate  temperatures  in  Figure  17.  The  brightness  of  the  flame  (Figure  3,  4)  is 
due  primarily  to  the  high-temperature  oxide  droplets  in  the  detached  flame.  Roughly 
30*  of  the  oxide  ends  up  in  these  "smoke"  droplets,  that  range  up  to  about  2  M,m  in  dia¬ 
meter.  The  profusion  of  fine  oxide  smoke  is  so  great  in  propellant  combustion  that 

it  has  been  difficult  to  observe  directly  any  but  the  early  phases  of  agglomerate  com¬ 

bustion.  This  has  left  the  balance  of  the  combustion  open  to  considerable  speculation. 
However,  the  balance  of  the  oxide  is  in  the  lobes  on  the  aluminum  droplets,  each  of 
which  produces  one  or  more  "residual"  oxide  droplets  in  the  size  range  5-50  (Figure 
13).  The  size  of  these  residual  oxide  droplets  is  dependent  on  the  agglomerate  size, 
an  important  issue  in  combustion  instability  in  the  100-1000  Hz  frequency  range26. 
Regarding  the  amount  and  size  of  the  residual  oxide  droplets,  there  is  controversy  as 

to  how  much  of  the  oxide  is  formed  before  and  during  ignition,  and  whether  further  sur¬ 

face  oxide  is  formed  by  surface  reaction  and/or  smoke  oxide  diffusion  to  the  surface 
during  burning.  Also  the  question  is  raised  as  to  whether  or  not  the  oxide  lobe  is 
dispersed  during  burning  or  possibly  at  burnout.  Such  behavior  is  observed  in  laboratory 
experiments  under  idealized  conditions  19-21,23,27.  jn  response  to  these  speculations, 
single  droplet  experiments  establish  beyond  doubt  that  oxide  can  accumulate  during  burn¬ 
ing*8,  and  recent  tests  of  droplet  burning  in  propellant  atmospheres  indicate  that  dis¬ 
persal  of  oxide  from  the  surface  during  burning  or  at  burnout  was  not  conspicuous  enough 
to  cause  visible  deflections  in  the  path  of  the  burning  droplet. 

Summarizing  the  combustion  phase  of  aluminum  behavior,  agglomerates  of  1  to  106 
original  aluminum  particles  burn  while  moving  out  in  the  flow  field,  with  burning  times 
approximated  by  Equation  (1).  The  droplet  is  oxidized  primarily  by  H2O  and  CO2,  to 
yield  H2,  CO  and  liquid  AI2O3.  Most  of  the  oxide  is  formed  in  the  high  temperature, 
luminous  flame  envelope  around  the  droplet,  and  is  a  smoke  consisting  of  droplets  less 
than  2  um  in  diameter.  The  balance  of  the  oxide  is  found  in  the  form  of  lobes  on  the 
aluminum  droplets  and  eventually  gives  a  component  of  the  oxide  droplet  population  mostly 
in  the  5-50  um  diameter  range  (sizes  dependent  on  original  aluminum  agglomerate  sizes). 
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EFFECT  OF  THE  ROCKET  MOTOR  ENVIRONMENT 

Observations  of  aluminum  behavior  in  actual  rocket  motor  environments  are  difficult 
to  make,  and  are  sure  to  be  different  in  some  degree  from  laboratory  experiments  (because 
of  gas  flow,  radiation  field,  and  scale  effects).  However,  behavior  in  motors  can  be 
inferred  qualitatively  by  mechanistic  arguments,  laboratory  tests,  and  observations  of 
motor  behavior. 

Just  as  flow  in  the  motor  affects  burning  rate  of  propellants  (erosive  burning), 
so  one  would  expect  it  to  affect  aluminum  accumulation  29,30.  usually  it  appears  to 
reduce  accumulation,  and  agglomerate  droplet  size.  Of  course  this  effect  would  be  expect¬ 
ed  to  vary  with  location  in  the  motor  and  time  during  burning,  in  a  manner  analagous 
to  erosive  burning.  In  those  regions  of  the  motor  where  flow  velocities  are  high,  the 
size  of  the  aluminum  agglomerates  is  reduced,  and  their  burning  times  correspondingly 
reduced.  This  modifies  the  droplet  burning  field 

1)  in  the  motor  (which  affects  combustion  stability); 

2)  in  the  nozzle  (which  affects  nozzle  erosion,  two-phase  flow  loss  of  thrust, 
and  combustion  efficiency-related  thrust  loss); 

3)  and  in  the  exhaust  plume. 

Such  effects  are  observed  in  marginal  motor  designs  that  are  conducive  to  heavy  agglom¬ 
eration. 

In  the  case  of  combustor  stability,  any  motor  conditions  that  affect  aluminum  com¬ 
bustion  can  be  important,  but  the  effects  related  to  combustion  dynamics  cannot  presently 
be  characterized.  It  is  safe  to  assume  that  the  spacewise  nonuniformity  of  these  effects 
resulting  from  the  flow  field  is  important,  although  not  considered  in  most  stability 
analyses^1.  One  effect  that  has  been  evaluated  is  the  reduction  of  residual  oxide  drop¬ 
let  size  accompanying  flow-induced  reduction  of  agglomerate  size31.  Since  these  oxide 
droplets  are  in  a  size  range  that  damps  oscillatory  behavior  in  the  100-1000  Hz  frequency 
range26,  flow-induced  stability  effects  may  be  anticipated  in  that  frequency  range. 

Another  important  environmental  condition  in  motors  is  acceleration.  The  principal 
effect  is  observed  in  spin  stabilized  motors,  where  the  aluminum  tends  to  accumulate 
excessively  on  the  burning  surface.  This  in  turn  affects  (increases)  burning  rate  and 
motor  pressure,  and  can  lead  to  aluminum  accumulation  in  the  motor,  low  combustion  effi¬ 
ciency,  nozzle  slagging,  etc.  The  basic  combustion  aspects  of  this  behavior  are  illus¬ 
trated  in  laboratory  scale  experiments  32,33,  where  it  is  shown  that  aluminum  and  oxide 
can  continue  to  accumulate  on  the  burning  surface  with  enhanced  propellant  burning  rates 
and  reduced  aluminum  combustion  rate. 

A  number  of  papers  have  appeared  that  dealt  with  the  question  of  droplet  size  in 
the  motor,  nozzle  and  jet,  based  on  droplet  growth  or  disruption  in  the  flow.  The  pres¬ 
ent  discussion  does  not  address  this  point,  or  discount  the  mechanisms  involved.  How¬ 
ever,  it  should  be  noted  that  the  initial  oxide  droplet  size  distribution  is  both  wide 
and  complex,  and  determined  by  the  aluminum  agglomeration  and  combustion.  Since  com¬ 
bustion-generated  droplet  size  distributions  do  not  appear  to  have  been  used  as  the 
initial  distribution  in  the  papers  on  droplet  growth  and  disruption,  it  is  not  yet  pos¬ 
sible  to  explain  the  observed  exhaust  plume  particle  size  distributions  by  reference 
to  those  papers. 

Relative  to  the  future,  it  seems  likely  that  increasing  understanding  can  provide 
for  control  of  agglomeration,  combustion  dynamics  and  particle  size  of  residual  oxide 
droplets.  Analytical  modeling  of  steady  and  unsteady  combustion  of  aluminized  propellants 
is  probably  warranted  now  on  the  basis  of  accumulated  understanding.  Because  of  the 
complex  behavior  of  aluminum,  it  will  continue  to  be  difficult  to  forecast  behavior 
in  new,  novel  propellant  formulations. 
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Concentration  of  aluminum  on  the  burning  surface  (taken  from 
motion  picture:  width  corresponds  to  2.5  mm). 

(1)  Front  face  of  sample. 

(2)  Back  edge  of  burning  surface. 

(3)  Burning  agglomerate  falling  in  front  of  sample. 


2.  Aluminum  "accumulates"  attached  loosely  to  the  burning  surface 
(taken  from  motion  picture:  width  corresponds  to  2.5  mm). 

(1)  Front  face  of  '■ample. 

(2)  Burning  surface  viewed  edge-on. 
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Aluminum  agglomerates  leavin')  the  burning  surface  (taken  from 
motion  picture:  width  of  picture  corresponds  to  1.5  mm). 

(1)  Burning  surface. 

(2)  Back  edge  of  burning  surface. 

(3)  Burning  agglomerate,  oxide  not  fully  retracted. 

(4)  Shadow  of  droplet  cast  by  external  illumination. 

(5)  Burning  agglomerate,  with 

(6)  detracted  oxide  lobe. 

(7)  Flame  trail. 
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Fig.  4.  Burning  aluminum  agglomerates  1000  M.m  above  the  propellant  burning 
surface  (taken  from  motion  picture:  width  of  picture  corresponds  to 
5 . 0  mm)  . 


Fig.  5.  Response  of  aluminum  powder  to  heating  to  1275°K  as  revealed  by  exam¬ 
ination  after  cooling  (picture  widths  correspond  to  abcut  0.6  mm): 

a)  Heated  in  an  oxygen  atmosphere,  showing  sintering. 

b)  Heated  in  an  argon  atmosphere,  showing  agglomeration,  and 
oxide  debris. 
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Fig.  6.  Response  of  individual  aluminum  particles  to  beating,  as  re¬ 
vealed  by  examination  after  cooling  (H-30  Al,  average  parti¬ 
cle  diameter  30  w-m)  : 

a)  Typical  unheated  particles. 

b)  Wrinkled  surface  of  particle  heated  to  1035°K  in  air. 

c)  Particle  with  "wart"  of  aluminum  extruded  through  the 
oxide  skin,  illustrating  expansion  of  the  metal  upon 
melting . 

d)  Particles  heated  on  a  platinum  surface,  illustrating 
importance  of  surface  tension  (which  has  evacuated 
the  oxide  skin:  picture  is  right-side  up). 
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Fig.  9.  Residue  from  heating  a  50/50  sample  of  aluminum  powder  in  CTPB 
binder,  showing  particle  adhesion  and  agglomeration.  Heating 
was  to  1275°K  in  oxygen. 


Fig.  10.  Accumulation  of  aluminum  on  a  burning  surface  in  binder  areas 
around  the  oxidizer  particles  (sample  quenched  by  burnout  on 
a  heat-sink  metal  plate:  picture  width  corresponds  to  1.0  mm). 
Left  side  is  a  non-aluminized  propellant,  right  side  an  alumi¬ 
nized  propellant. 
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Accumulation  of  aluminum  on  the  burning  surface  of  dry-pressed  samples 
of  AP-A1  mixtures  (85*,  100  ..m  AP;  Nj  atmosphere,  pressure  5,5  MPa; 

(1)  indicates  the  front  non-burning  face  of  the  sample,  (2)  indicates 
accumulated  aluminum). 

a)  15%,  35  ..m  A1 ,  picture  width  is  5  mm;  no  aluminum  combustion. 

b)  15*,  35  .  m  AI,  picture  width  is  5  mm;  sporadic  aluminum  combustion 

c)  15*,  95  ..  m  Al ,  picture  width  is  20  mm;  no  acculation  or  ignition 

of  aluminum. 

d)  11*,  35  ..m  Al,  4*  wax,  picture  width  is  12  mm. 
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F i <T .  12.  Inflamation  of  relatively  largo  areas  of  accumulated  aluminum  under  un¬ 
favorable  local  ignition  conditions  can  be  gradual  with  appreciable  com¬ 
bustion  on  the  surface  (this  is  an  extreme  case  to  illustrate  behavior; 
photography  as  in  Fig.  1). 

(1)  Growing  agglomerate  on  burning  surface,  oxide  not  retracted, 
but  agglomerate  apparently  reacting. 

(2)  Agglomerate  on  the  burning  surface  with  oxide  partially  re- 
t  r acted. 

(1)  Inclination  of  burning  surface. 


Fig.  13.  Accumulates  of  aluminum 
quenched  while  in  the 
process  of  conversion  to 
agglomerate  droplets. 
Obtained  by  combustion  of 
an  aluminized  propellant 
in  liquid  nitrogen  at 
atmospher ic  pressure 
(picture  widths  corres¬ 
pond  to  11,  1.1  and  O.S 
mm  respectively  for  parts 
a ,  b,  and  c) . 


(c) 
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Fig.  14.  Oxide  shell  fragment  from  an 
accumulate  that  was  captured 
in  liquid  nitrogen  before 
agglomerating,  and  then  acid- 
etched  to  remove  aluminum. 

The  sample  shows  shells  of 
original  particles  and  "tubes" 
between  particles  from  which 
connecting  aluminum  is  re¬ 
moved  (sample  burned  at  at¬ 
mospheric  pressures  picture 
width  corresponds  to  240  urn) . 


Fig.  15.  Illustrations  of  the  smoke 
trails  developing  as  an 
agglomerate  forms  on  or  near 
the  burning  surface  (taken 
from  motion  picture:  width 
of  picture  corresponds  to 
750  urn) . 


Fig.  16.  Aluminum  agglomerates  showing  oxide  lobes.  The  burning  agglomerates 
were  quenched  in  alcohol  (atmospheric  pressure,  several  cm  from  the 
burning  surface),  and  then  acid-etched  to  show  internal  details.  The 
oxide  shell  is  presumed  to  have  formed  after  quench  (picture  width 
corresponds  to  1.3  mm). 
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Fig.  17.  Schematic  representation  of  the  burning  of  an 
aluminum  agglomerate  in  a  propellant  environ¬ 
ment  (analogous  to  results  shown  in  Fig.  3,  4, 
and  16) . 


Fig.  18.  Residual  oxide  droplets  evolved  from  oxide  lobes 
(Fig.  3,  16,  17)  and  collected  by  percolating 
propellant  products  through  ethanol  (picture 
width  corresponds  to  450  um) . 
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SUMMARY 

The  combustion  of  aluminized  propellants  results  in  the  formation  of  aluminum  oxide 
particles  which  can  attenuate  acoustic  oscillations  caused  by  combustion  instability. 
This  paper  summarizes  methods  used  to  minimize  the  risk  of  combustion  instability  in 
rocket  motors  by  tailoring  the  oxide  particle  production.  A  brief  discussion  of  partic¬ 
ulate  damping  theory  is  given.  Damping  measurement  with  the  T-burner  and  the  procedure 
of  damping  calculation  presently  in  use  at  the  Naval  Weapons  Center  are  presented.  The 
importance  of  particle  size  analysis  for  damping  calculations  is  discussed.  Particle 
size  analysis  methods  are  described  which  consider  the  peculiarities  of  combustion  resi¬ 
dues.  Examples  of  size  distributions  and  damping  calculations  are  given.  The  results 
show  that  the  theory  adequately  describes  damping  by  aluminum  oxide  particles  and  that 
damping  calculations  supply  information  necessary  for  tailoring  of  aluminum  oxide  par¬ 
ticle  sizes  toward  increased  damping. 


INTRODUCTION 

Aluminum  used  as  a  fuel  in  solid  propellant  formulations  is  known  to  go  through  a 
complex  combustion  process  during  propellant  burning.  This  process  results  in  the 
release  of  large  amounts  of  energy  and  the  formation  of  condensed  phase  reaction  pro¬ 
ducts  in  the  form  of  aluminum  oxide  droplets.  Under  certain  conditions,  the  condensed 
matter  can  attenuate  acoustic  oscillations  related  to  combustion  instability  and  prevent 
their  build-up  to  dangerous  amplitudes.  The  potential  contribution  of  aluminum  burning 
to  the  stabilization  of  oscillatory  combustion  was  studied  for  many  years.  The  work 
concentrated  on  the  measurement  of  acoustic  damping  with  specially  designed  combustors 
such  as  the  T-burner,  and  on  the  theoretical  treatment  of  what  is  known  as  particle 
damping.  The  connection  between  theory  and  experiment  did  not  obtain  the  necessary 
attention  for  some  time  and  the  theory  was  applied  mainly  to  predict  trends  in  damping 
rather  than  absolute  values.  Agreement  between  theoretical  and  measured  damping  is 
essential  to  determine  proper  particle  sizes  for  effective  damping  at  given  frequencies 
of  instability.  The  verification  of  theory  of  particulate  damping  is,  therefore,  an 
important  part  of  the  work  reported  here.  After  the  optimum  particle  sizes  have  been 
established,  the  propellant  designer  must  formulate  aluminized  propellants  whose  partic¬ 
ulate  combustion  products  yield  these  particle  sizes  under  given  combustion  conditions 
(e.g.,  pressure  and  burn  rate).  This  very  difficult  task  requires  a  thorough  knowledge 
of  the  many  aspects  of  aluminum  combustion  and  their  dependence  on  the  formidable  number 
of  ingredient,  propellant,  and  combustion  parameters.  Despite  the  impressive  amount  of 
work  in  the  general  field  of  aluminum  combustion,  information  concerning  the  formation 
of  particulate  aluminum  oxide  is  rather  scarce  and  began  to  accumulate  only  in  recent 
years.  Some  of  our  own  studies  in  this  area  will  be  discussed  in  the  paper. 


THEORY  OF  PARTICLE  DAMPING 

The  analysis  of  Temkin  and  Dobbins  (Ref.  1)  was  used  in  this  work  as  an  approach  to 
the  calculation  of  the  damping  of  acoustic  waves  by  condensed  phase  particles.  Their 
model  assumed  that  the  condensed  phase  consisted  of  spheres  of  uniform  diameter.  Solu¬ 
tions  of  the  conservation  equations  were  obtained  by  specifying  the  drag  force  for  the 
viscous  attenuation,  according  to  Stoke’s  law,  and  the  heat  transfer  term  for  the  thermal 
attenuation.  Because  of  the  wide  range  of  particle  sizes  found  in  combustion  residues, 
the  model  had  to  be  adapted  to  the  more  realistic  case  of  a  particle  size  distribution. 

In  this  modification,  the  conservation  equations  for  the  condensed  phase  were  the  sums 
of  conservation  equations  written  for  each  assumed  particle  diameter.  The  more  compli¬ 
cated  solution  was  then  obtained  by  the  technique  of  Temkin  and  Dobbins.  The  calculated 
spatial  damping  coefficient  was  converted  to  a  temporal  damping  coefficient  by  multiply¬ 
ing  by  the  damped  speed  of  sound  which  was  evaluated  as  part  of  the  analysis.  A  com¬ 
puter  program  was  set  up  for  this  type  of  calculation. 

At  present,  the  damping  model  developed  by  Culick  (Ref.  2)  is  employed.  He  com 
bined  gas  and  solid  conservation  equations  and  thus  derived  equations  which  involved 
properties  of  the  gas-solid  mixture.  In  this  new  form,  the  theory  can  be  used  to  calcu¬ 
late  damping  for  a  particle  cloud  which  has  an  aribtrary  particle  size  distribution. 
Culick' s  damping  equation  for  a  particle  distribution  composed  of  n  discrete  diameters 
may  be  expressed  as 
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In  this  equation,  ijj  and  are  evaluated  for  the  ith  particle  diameter.  7  and 
7p  are  evaluated  for  the  total  two-phase  system.  A  computer  program  was  written  to  cal¬ 
culate  particle  damping  by  means  of  this  equation.  It  is  advantageous  to  examine  the 
sensitivity  of  damping  to  particle  size  and  frequency  of  oscillation  before  the  equation 
is  applied  to  experiments  discussed  in  this  paper.  Figure  1  shows  the  damping  rates  of 
spherical  aluminum  oxide  particles  which  have  a  log-normal  size  distribution  as  a  func¬ 
tion  of  mean  diameter,  of  width  a  of  distribution,  and  of  frequency.  The  concentration 
of  particles  was  held  constant.  The  curves  indicate  the  particle  sizes  for  maximum 
damping  at  various  frequencies  and  the  approximate  size  range  (=1-50  i.m)  in  which  most 
of  the  damping  is  contributed.  Therefore,  particularly  careful  analysis  of  combustion 
residue  is  necessary  in  this  size  range  in  order  to  prevent  serious  errors  in  damping 
ca leu  1  at  ions . 
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Figure  1.  Damping  Rates  of  Spherical  Aluminum  Oxide  Particles 
With  Log-Normal  Mass  Distributions  as  Function  of  Median  Diam¬ 
eter  and  Width  o  (Standard  Deviation!  of  Distributions.  Concen¬ 
tration  C  *  0.11  of  particles  was  held  constant, 
m 


EXPERIMENTS 


The  experiments  were  conducted  in  three  steps:  propellant  procurement,  propellant 
testing  in  a  variety  of  combustors,  and  data  reduction.  Propellants  used  in  the  tests 
were  composite  modified  double-base  and  composite  formulations.  The  combustion  experi- 
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ments  were  made  in  different  burners  as  shown  in  figure  2.  Window  bomb  firings  were 
particularly  useful  to  examine  qualitative  aspects  of  combustion  by  high-speed  photo¬ 
graphy  and  by  residue  collection  and  analysis.  Much  information  on  aluminum  agglomera¬ 
tion,  for  example,  was  obtained  from  these  tests.  T-burner  firings  were  employed  pri¬ 
marily  to  measure  the  damping  coefficients  of  the  propellants.  Frequently,  residue 
collections  were  conducted  after  T-burner  runs  to  supply  the  material  for  size  analysis. 
These  size  data  were  then  used  to  calculate  damping  rates  or  to  study  the  effect  of  pipe 
length  and  gravity  on  particle  fall-out  and  particle  size  characteristics  (Ref.  3).  The 
remaining  two  combustors  were  designed  as  particle  collectors  to  improve  the  low  collec¬ 
tion  efficiencies  after  T-burner  tests.  The  pipe  burner  usually  showed  95-100%  residue 
collection  as  compared  to  80-90%  of  the  tank  collector.  Particle  collection  was  accom¬ 
plished  by  rinsing  and  brushing  the  burner  walls  with  ethanol.  After  removal  of  the 
ethanol  and  vacuum  drying,  a  sample  was  ready  for  size  analysis.  Accurate  measurement 
of  particle  size  distributions  was  critical  for  the  entire  process.  Since  it  had  to  be 
adapted  to  the  type  of  residues  at  hand,  a  detailed  description  of  the  methods  is  given 
(Ref.  4). 
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Figure  2.  Types  of  Burners  Used  for  the  Combustion 
of  Propellants  and  for  the  Collection  of  Combustion 
Residues . 


PARTICLE  SIZE  ANALYSIS 

Size  distributions  of  residues  from  the  combustion  of  aluminized  propellants  cover 
a  range  of  at  least  four  orders  of  magnitude.  A  typical  sample  contains  not  only  smoke 
particles  with  diameters  well  below  1  urn,  but  also  large  particles  of  more  than  100  urn 
which  develop  mainly  by  condensed  phase  oxidation.  Frequently,  measured  size  data 
exhibit  certain  types  of  distributions  like  normal  or  log-normal  distributions.  This  is 
not  the  case  with  the  combustion  residues  in  question  because  the  activity  of  more  than 
one  combustion  mechanism  leads  to  composite  size  distributions  which  only  rarely  show 
one  of  the  common  types.  Thus,  size  analysis  has  to  cover  the  whole  size  range  in  small 
enough  increments  to  register  the  size  pecularities  of  a  given  sample.  The  sizes  of  the 
most  effective  dampers  often  fall  into  the  transition  region  between  size  populations  as 
will  be  shown  later.  This  region  has  to  be  analyzed  carefully  in  order  to  make  meaning¬ 
ful  damping  calculations.  Finally,  the  overwhelming  number  of  smoke  particles  and  the 
importance  of  the  much  fewer  larger  particles  for  damping  led  to  the  use  of  the  follow¬ 
ing  size  analysis  procedure  (Figure  3). 
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1  i  gure  S .  Scheme  for  I  lie  Size  Analysis  of  Combust  ion  Residues 
by  Division  of  Sample  Into  Subtract  ions,  (figure  taken  from 
Re f .  1 . ) 

The  silo  range  of  combustion  residues  precludes  the  application  of  a  single  size 
analysis  method  or  ol  a  single  method  without  proper  sample  preparation.  In  the  first 
step  ol  sample  preparation,  large  particles  (above  approximately  I A  inn)  are  removed  by 
wet  screening.  They  do  not  contribute  significantly  to  damping  (figure  I)  and  cause 
problems  in  the  analysis  of  finer  particles.  Prior  to  screening  and  the  separations 
that  follow,  samples  are  well  dispersed  by  ultrasonic  treatment  in  ethanol.  Next,  the 
remaining  sample  i s  subdivided  at  approximately  111  mu  by  gravitational  sedimentation, 
finally,  particles  below  1  mu  are  removed  hv  centrifugal  sedimentation.  Moth  types  of 
sedimentation  are  based  on  Stokes’  law  and  care  must  be  taken  that  the  law  is  applicable 
(Ref.  S).  The  equal  ion  may  serve  as  a  good  guide  to  choose  the  operating  conditions  for 
the  sedimentations,  however,  final  experimental  parameters  should  he  established  for  the 
equipment  at  hand  by  test  separations,  especially  with  regard  to  number  of  sedimen 
tat  ions  per  subdivision.  Also,  the  diameters  at  which  samples  are  being  subdivided 
should  not  he  considered  fixed.  They  should  he  kept  flexible  to  accommodate  require 
meats  of  the  individual  particle  counting  method  and  of  exploratory  type  sire  analyses. 

After  drying  and  weighing,  the  size  analysis  proper  is  performed  with  each  of  the 
subtract  ions,  for  damning  calculations,  it  usually  suffices  to  analyze  the  intermediate 
size  fractions  from  about  I  to  If  mu.  This  is  accomplished  at  the  Naval  Weapons  tenter 
with  a  commercial  high-speed  counter.  The  method  is  based  on  the  change  of  electrical 
current  on  passage  of  a  particle  through  an  orifice.  The  instrument  counts  individual 
particles  at  a  high  rate  and,  hv  virtue  of  calibration,  associates  each  current  pulse 
with  a  particle  size.  Since  combustion  residues  are  spherical,  the  true  diameters  are 
recorded.  However,  care  must  he  taken  to  thoroughly  disperse  the  particles  in  the 
carrier  liquid  and  to  keep  the  particle  concentration  low  enough  to  prevent  simultaneous 
passage  of  particles  through  the  sensing  orifice.  The  concentration  requirement  can 
jeopardize  the  counting  of  large  particles  if  the  distribution  is  wide  imanv  small 
particles  versus  few  large  particles).  Also,  the  counter  memory  may  he  saturated  by  the 
count  of  many  small  particles  before  enough  large  particles  have  been  registered.  The 
above  described  sample  preparation  by  subdivision  solved  these  problems  successfully. 
Between  SO, 000  and  100,000  particles  of  each  subtraction  are  usually  counted.  Numerical 
data  can  then  he  printed  out  in  the  form  of  cumulative  number  or  mass  distributions. 
Subsequently,  the  mass  distributions  of  the  individual  suhfractions  are  recombined  by 
computer  into  a  total  mass  distribution  from  which  the  computer  takes  data  to  calculate 
damping  according  to  fq.  (1).  Applying  only  the  first  part  of  the  computer  program, 
numerical  or  graphical  presentation  of  complete  size  analyses  may  he  obtained.  In  the 
following  section  of  the  paper,  results  are  presented  which  reflect  on  the  validity  of 
the  theory  of  particle  damping  followed  by  a  discussion  of  possibilities  to  tailor  the 
damping  behavior  of  an  aluminized  propellant. 


Kl  Sill  IS  \NI>  DISCUSSION 


The  control  of  combustion  instability  by  tailoring  aluminum  combustion  depends  on 
t ho  validity  of  the*  theory  tn  the  selection  ot  proper  particle  sizes  and  on  the  ah 1 1 1 1 \ 
to  produce  aluminum  oxide  particles  which  have  the  selected  diameters. 

1.  Validity  o f  the  Damping  iheory 

The  validity  of  the  damping  theory  was  tested  by  comparison  of  calculated  and 
measured  damping  rates  (Ref.  t>  and  ’).  Agreement  between  both  was  considered  sufficient 
to  apply  the  theory  to  particle  damping  studies  and  to  unstable  motors.  Ihe  measured 
damping  rates  were  obtained  from  V  burner  firings  of  a  variety  of  propellants.  The 
damping  rate  calculations  were  made  according  to  fq.  ill  with  measured  sire  data  as 
input.  Strictly  speaking,  the  calculations  were  not  purely  theoretical  since  thee 
contained  particle  size  analysis  as  an  experimental  element.  This  situation  is  not 
expected  to  change  in  the  near  future  because  of  the  great  difficulties  in  the  theoreti 
cal  treatment  of  the  size  characteristics  of  aluminum  combustion  products.  The  results 
of  three  pairs  of  propellants  are  presented.  Propellants  A  and  I'  of  the  tirst  pair 
contained  aluminum  for  which  only  the  yield,  but  not  the  size  distribution,  of  residues 
could  be  estimated.  Both  were  of  the  same  composition  except  for  the  particle  size  ol 
the  ingredient  aluminum  (average  size  7.7  mn  for  Propellant  A,  1'  urn  for  Propellant  81. 

Propellants  f  and  l'  were  prepared  tv’  gain  control  ot  the  size  distribution  and 
concentration  of  particles.  They  contained  St  (Propellant  t'l  and  10%  (Propellant  I'l 
nonsphe r i cal  abrasive  aluminum  oxide.  During  combustion,  the  nonspherical  particles 
became  spherical  and  agglomerated  (figure  41.  Si2e  analysis  ot  postfiring  particles  was 
necessary  in  this  case  to  obtain  size  data  for  the  damping  calculations.  The  last  two 
propellants  were  mixed  with  St  of  carefully  prepared  spherical  aluminum  oxide  with  mean 
diameters  of  t> . 8  nm  (Propellant  II  and  14.8  urn  (Propellant  II.  The  size  distributions 
of  the  particles  are  shown  in  figures  S  and  b.  The  mean  diameters  of  the  narrow  size 
distributions  were  chosen  to  obtain  maximum  damping  at  TOO  and  1800  Hz  (low  and  high 
frequencies  of  1  burner  testing!.  Agglomeration  again  increased  the  size  of  ingredient 
particles  during  firing  (figures  S  and  ol  and  consequently  reduced  the  difference 
between  damping  at  TOO  Hz  and  1800  Hz.  It  is  interesting  to  note  that  the  increase  of 
agglomeration  with  decrease  of  particle  size  is  also  observed  for  the  preignition 
agglomeration  of  aluminum  particles  (see  section  II. A). 


figure  4.  Cumulative  Mass  Distributions  of  Aluminum  Oxide  Particles 
Before  (  )  and  After  firing  of  Propellants  i  1  and  D  (  1. 


Figure  5.  Cumulative  Mass  lit  st  ri  hut  ions  of  Aluminum  Oxide  Particles 
Before  (A)  and  After  ( o )  Combustion  of  Propellant  H. 


The  results  of  damping  measurements  and  calculations  for  the  six  propellants  are 
shown  in  Table  1  and  figure  7.  The  line  in  figure  7,  which  has  a  slope  of  one, 
indicates  that  the  agreement  between  the  two  sets  of  data  is  astonishingly  good.  These 
results  fully  support  the  theory  of  particle  damping  and  Justify  its  use  in  predicting 
the  particle  sires  for  the  effective  abatement  of  combustion  instability  at  Known  Ire 
quenc ies  of  instability.  The  results  also  show  that  damping  is  approximately  proper 
tional  to  the  concentration  of  particles  in  accordance  with  f q .  (11  if  C„,  **  1  (Propel 
lants  C  and  01.  T  burner  measurements  were  confirmed  as  an  experimental  method  sensi 
tive  to  particle  site  distribution  and  their  changes.  T- burner  results  can  be  predicted 
by  the  theory  only  if  relevant  particle  site  data  are  available  for  the  calculations. 
This  is  important  when  refractory  material  is  used  as  propellant  ingredient  to  generate 
the  cloud  of  damping  particles,  since  the  proper  choice  of  particle  site  is  not  possible 
without  Knowledge  of  agglomeration  as  demonstrated  by  Propellants  C,  I',  T,  and  I  . 

II.  Control  of  Aluminum  Oxide  Particle  Site 

After  confirmation  of  the  damping  theory,  it  appeared  promising  to  investigate 
practicable  ways  to  tailor  particle  damping  by  intervention  in  processes  which  control 
the  transition  from  aluminum  ingredient  to  aluminum  oxide  product.  The  goal  of  such  an 
effort  would  he  the  generation  of  a  maximum  number  of  particles  with  optimum  sire  for 
damping  at  a  predicted  or  measured  frequency  of  instability.  This  is  a  formidable  tasK 
in  view  of  complex  preignition,  ignition,  and  burning  processes  which  constitute  alumi 
num  combustion  and  Mie  large  number  of  parameters  (Figure  81  which  influence  aluminum 
combustion  behavior.  It  is  therefore  not  surprising  that  general  rules  for  the  sire 
characteristics  of  aluminum  oxide  residue  are  still  unavailable.  The  apparent  short 
coming  is  somewhat  balanced  by  the  possibilities  of  modifying  residue  formation  (Figure 
SI.  Measures  to  achieve  desirable  particle  sires  are  best  taKen  during  the  first  stages 
of  propellant  design.  The  prospects  for  success  are  much  smaller  if  one  tries  to  im 
prove  existing  propellant  systems  which  have  instability  problems.  Modifications  ot 
aluminum  combustion  mav  change  important  propellant  specifications  such  as  burn  rate  and 
specific  impulse  which,  in  most  cases,  is  undesirable  or  even  unacceptable. 
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Figure  7.  Measured  Versus  Calculated  Damping  for 
Aluminized  Propellants  A  and  B  (•)  and  for  Propel¬ 
lants  C,  l),  E,  and  F  Which  Were  Loaded  With  Alum¬ 
inum  Oxide  Particles  (o)  . 


Generally,  two  processes  are  considered  for  aluminum  oxide  formation,  namely, 
oxidation  in  the  condensed  phase  which  adds  to  oxide  present  on  as-received  aluminum, 
and  vapor  phase  oxidation.  The  first  process  leads  to  coarse  residue  whereas  the  second 
mechanism  is  responsible  for  fine  smoke  as  outlined  in  Figure  9.  This  results  in  the 
usual  bimodality  of  residue  size  distributions.  Shedding  and  collision  of  particles 
which  have  not  obtained  much  attention  to  date  should  also  be  mentioned  here  because  of 
their  possible  influence  on  the  overall  residue  size  characteristics.  In  the  following, 
the  influence  of  some  of  the  parameters  listed  in  Figure  8  on  the  process  of  aluminum 
combustion  and  oxide  particle  formation  as  shown  in  Figure  9  will  he  discussed  and 
related  to  particle  damping  where  data  are  available. 

A.  Effect  of  Aluminum  Particle  Size  on  Residue  Formation.  Propellant  grade  alum¬ 
inum  powder  is  available  in  a  variety  of  sizes  which  makes  ft  relatively  easy  to  use 
aluminum  particle  size  as  a  propellant  parameter.  The  appreciable  influence  of  aluminum 
agglomeration,  residue  formation,  and  damping  characteristics  is  clearly  demonstrated  by 
data  in  Figures  10  and  11  and  Tables  I  and  II.  The  fine  aluminum  of  Propellant  A  agglom 
crated  heavily  (Figure  10),  and  produced  more  coarse  and  fine  residue  than  Propellant  B 
which  contained  coarse  aluminum  (Table  II).  More  important,  Propellant  B  contributed 
more  residue  in  the  size  range  of  effective  damping  (Figure  11)  and  consequently  it  ex¬ 
hibited  a  better  damping  performance  (Table  I)  than  Propellant  A.  It  follows  that 
aluminum  particle  size  is  indeed  a  useful  parameter  for  tailoring  damping. 

B.  Effect  of  Aluminum  and  Oxidizer  Concentration  on  Residue  Format  ion.  Three 
experimental  propellants  A-Z17,  A-218,  and  A-219  were  mixed  to  study  the  effect  of  alum¬ 
inum  concentration  cn  residue  formation  (Ref.  8).  The  propellants  were  formulated  to 
give  good  aluminum  combustion  under  laboratory  conditions  and  a  low  degree  of  aluminum 
agglomeration.  Unfortunately,  variations  of  ingredient  concentrations  always  affect 
more  than  one  ingredient  which  may  cause  problems  of  interpretation.  The  aluminum  and 
oxidizer  concentrations  were  201  and  SSI  in  A-217,  101  and  b5t  in  A-218,  and  51  and  701 
in  A-219.  The  mean  diameter  of  the  aluminum  was  40  pm.  Residues  from  the  propellants 
were  collected  and  analyzed  after  firings  in  the  pipe  burner  (Figure  2).  The  results 
are  shown  in  Figure  12.  Despite  reduced  agglomeration  at  low  aluminum  loading,  a  sur 
prising  increase  of  coarse  residue  with  decrease  of  aluminum  concentration  was  found. 

An  explanation  may  be  offered  based  on  high-speed  photography  which  Indicated  high  flame 
density  and  temperature  at  high  aluminum  concentration.  Hot  flames  seem  to  favor  evapor 
ation  or  boiling-off  of  aluminum  at  the  expense  of  chemical  reaction  in  the  condensed 
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phase.  Lowering  of  flame  temperature  and  density  would  make  the  condensed  phase  reaction 
more  competitive  and  increase  the  share  of  course  residue.  In  the  limit,  negligible 
evaporation  would  therefore  lead  to  mostly  coarse  residue  (as  in  hot  stage  tests  or 
similar  experiments).  Increased  damping  by  virtue  of  a  more  favorable  particle  size 
distribution  in  the_case  of  A-219  has  to  be  judged  against  a  relatively  low  damping 
because  of  small  Cm  in  bq.  (1).  Additional  tests  will  have  to  show  if  properties  of 
the  non-alumini zed  flame  or  of  the  aluminum  flame  have  more  effect  on  residue  particle 
sizes  and  hence  on  damping. 


Figure  8.  Scheme  for  the  Tailoring  of  Damping 
by  Modification  of  Aluminum  Combustion. 


1.  ACCUMULATION 

2  MELTING  AGGLOMERATION  OXIDATION 
3.  IGNITION  OXIDATION 
«.  BURNING  OXIDATION 
5.  BURN-OUT 


SMOKE 


PARTICLE 


Figure  9.  Sequence  of  Important  Processes  of 
Aluminum  Combustion  and  Residue  Formation. 


Figure  10.  Cumulative  Mass  Distributions  of  Agglomerates 
Which  Have  Been  Collected  After  Burning  Propellant  A 

( - )  and  Propellant  B  (— - )  in  Nitrogen  at  a  Pressure 

of  2.S  MPa.  Firings  were  made  in  a  window  bomb. 


C.  Effect  of  Pressure  on  Residue  Formation.  The  combustion  of  Propellant  A  in 
the  window  bomb  and  pipe  burner  at  pressures  of  1.47  MPa  and  5.61  MPa  serves  to  show  the 
pressure  effect  on  aluminum  agglomeration  and  on  the  size  distributions  of  residues 
(Ref.  9).  Figure  13  illustrates  the  remarkable  drop  of  agglomerate  particle  size  with 
increase  of  pressure.  The  reduction  in  size  can  be  linked  to  the  reduced  flame  stand¬ 
off  from  the  surface,  the  ensuing  acceleration  of  surface  heating  and  aluminum  ignition, 
the  decrease  in  volume  of  the  thermal  layer  from  which  agglomerating  aluminum  originates, 
and  to  reduced  stay-time  of  the  smaller  agglomerates  at  the  surface.  The  large  parti¬ 
cles  of  residues  from  the  pipe  burner  firings  also  became  smaller  with  increasing  pres¬ 
sure  (Figure  14)  and  thus  followed  the  trend  of  the  agglomerates.  In  the  important  size 
range  of  approximately  2-43  nm,  pipe  burner  residues  became  coarser  with  pressure  (Fig¬ 
ure  15)  and  the  yield  dropped  from  231  to  191  of  the  total  residue.  This  loss  in  yield 
and  a  similar  one  for  the  coarse  fraction  was  compensated  by  an  81  gain  of  the  smoke 
fraction  at  5.61  MPa  (d  <_  2  pm).  Propellant  A  would  therefore  be  expected  to  have 
reduced  damping  at  this  pressure.  Here  and  in  the  preceeding  examples  of  sections  A  and 
B,  the  change  of  damping  is  related  to  that  section  of  the  residue  size  range  (d  >  2  pm) 
which  is  most  sensitive  to  the  agglomeration  and  combustion  behavior  of  aluminum.  The 
increase  or  decrease  of  damping  not  only  depends  on  the  size  change  (which  may  have  a 
positive  effect)  but  also  on  the  relative  abundance  (which  may  counteract  the  size 
effect).  Generally,  a  change  of  the  design  pressure  of  a  motor  is  not  an  acceptable 
method  for  improving  aluminum  combustion  and  damping  behavior.  If  this  objective  is 
pursued  by  methods  other  than  pressure  variation,  the  testing  of  modified  damping  should 
be  conducted  at  the  specified  working  pressure  of  the  particular  propellant. 
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TABLE  II.  Size  Analysis  Data  for 
Residues  from  Propellants  A  and  B 


Propellant 


Weight  I  of  residue  in  subfraction 

d  >  43  w* 

GBBDO 

2  d  ^  6  um 

d  <  1  »a 

11.1 

35.0 

20.9 

35.0 

S.  5 

55.5 

14.9 

24.1 

Median  diameter 


DIAMETER.  MICROMETERS 


figure  IS.  Cumulative  Mass  Distributions  of  Agglomerates 
of  Propellant  A  Which  Were  Collected  in  Window  Bomb  After 
Firings  at  1.47  MPa  l - )  and  S.bl  MPa  (-  - ). 


SUMMARY 

A  short  outline  of  the  importance  of  aluminum  combustion  in  the  abatement  of  combus 
tion  instability  by  particle  damping  was  given.  The  theory  of  particle  damping  was 
discussed  to  show  the  dependence  of  damping  on  the  size  properties  and  concentration  of 
damping  particles  and  on  the  frequency  of  acoustic  oscillations.  The  verification  of 
the  damping  theory  by  comparison  of  damping  measurements  and  calculations  was  described. 
Good  agreement  between  the  two  methods  of  damping  analysis  testified  to  the  validity  and 
applicability  of  the  theory.  Reliable  size  analysis  was  found  to  be  indispensible  for 
the  assessment  of  damping  by  calculation.  This  is  especially  important  in  cases  where 
it  is  necessary  or  advantageous  to  employ  damping  calculation  instead  of  damping  measure 
went.  The  procedure  of  size  analysis  was  presented  in  detail  with  consideration  of  the 
size  characteristics  of  combustion  residues. 
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Figure  14.  Cumulative  Mass  Distributions  of  Residues 
With  Diameters  d  >  43  pm  of  Propellant  A.  Firings 
Were  Made  in  a  Pipe  Burner  at  Pressures  of  1.47  MPa 
( - )  and  5.61  MPa  ( - ). 


The  full  benefit  of  particle  damping  is  realized  if  aluminum  combustion  can  be 
directed  towards  the  production  of  residue  particles  of  proper  size.  Widely  applicable 
and  effective  methods  to  achieve  this  goal  are  not  available  at  present  because  of  the 
many  parameters  which  control  aluminum  combustion  and  residue  formation.  The  effect  of 
some  of  the  parameters  on  the  size  properties  of  residues  was  shown.  The  low  abundance 
of  residue  in  the  transition  region  between  fine  smoke  and  coarse  residue  became  evi¬ 
dent.  The  smoke  forming  combustion  mechanism  was  dominant  for  all  aluminized  propellants. 
Tailoring  of  particle  damping,  therefore,  will  have  to  concentrate  on  reduction  of  the 
yield  of  smoke  in  favor  of  condensed  phase  oxidation  to  fill  up  the  intermediate  size 
interval.  At  the  same  time,  aluminum  agglomeration  should  be  reduced  or  eliminated  to 
take  advantage  of  a  proper  choice  of  the  sizes  of  aluminum  particles.  Much  basic  re¬ 
search  will  be  required  to  accomplish  these  objectives. 
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PLASTIC  SCREEN  STRUCTURED  SMOKELESS  PROPELLANTS 
FOR  RECOILLESS  GUNS  AND  VERY  SHORT  BURNING  ROCKETS 

by  Albert  T.  Camp 

Naval  Ordnance  Station.  Indian  Head.  Ml)  10640 


Retention  of  propellant  in  recoilless  guns  or  extremely  short  burning  rockets  has 
long  been  a  challenging  problem.  During  the  1964  to  1970  time  period  the  Lockheed 
Propulsion  Company  performed  in-house  and  Army  (MICOM)  sponsored  work  directed  at  the 
use  of  aluminum  foil  as  a  supportive  substrate  for  various  propellants.  Both  double¬ 
base  and  composite  types  were  tried.  The  principal  problem  encountered  was  overcoming 
faulty  bonding  of  propellant  to  the  aluminum  foil.  Army  in-house  efforts  at  ARRADCOM, 
(both  Ballistic  Research  Laboratory  and  Picatinny  Arsenal)  and  at  the  Radford  Army 
Ammunition  Plant  in  recent  years  have  been  aimed  at  using  aluminum  screen  or  plastic 
screen  substrates.  In  these  tests  solventless  M-8  double-base  propellant  sheet  was 
rolled  onto  the  screen.  Bonding  was  again  a  major  problem,  as  was  the  necessary  welding 
of  thin  sheets  applied  to  both  sides  of  the  screen. 

In  the  present  work  plastic  screen,  typically  Saran  (polyviny lidene  chloride)  or 
polypropylene  of  about  16  meshes  per  inch,  supplied  by  Chicopee  Manufacturing  Company 
of  Cornelia,  Georgia,  has  been  used  in  combination  with  an  acetone-based  lacquer  of 
a  specially  formulated,  plateau  burning  doublerbase  propellant.  Generically  similar 
to  the  well-known  High  Energy  N-12  formulation-Y  developed  at  NWC,  China  Lake  in  the 
mid  fifties,  this  new  formulation  has  a  higher  plateau  burning  rate  of  1.5  inches/sec 
(38  mm/sec)  from  3,000  to  5,000  psi  (AJ200  to  350  atmospheres)  and  also  a  higher  heat 
of  explosion  of  about  1100  cal/g.  It  is  applied  to  the  screen  substrate  as  a  20  percent 
solution  in  acetone  by  a  multiple  dipping  operation.  Drying  times  between  dips  vary 
from  1  to  4  hours  or  longer  but  do  not  appear  very  critical  to  success.  Drying  time 
after  the  final  dip  is  at  least  three  days  at  room  temperature  under  a  chemical  hood 
to  achieve  essentially  constant  weight.  Typically  from  two  to  eight  dips  are  employed 
to  build  up  the  desired  propellant  thickness  for  burning  times  ranging  from  3  to  15 
milliseconds . 

To  ensure  that  adequate  bonding  of  propellant  to  and  through  the  screen  was  being 
obtained,  burning  rate  strands  were  prepared  by  cutting  strips  of  3mm  width  from  screen 
that  had  first  been  dipped  twice  in  the  lacquer  and  dried.  Subsequent  dipping  served 
to  build  up  the  desired  3mm  thickness  for  reliable  strand  burning.  Strands  were  inhib¬ 
ited  in  accordance  with  MIL  Std  286B  procedures  for  double-base  propellant  and  burned 
at  pressures  from  1000  to  5000  psi.  No  evidence  of  flash-down  was  seen  with  strands 
so  prepared  although  strands  cut  directly  from  3mm  thick  screen-structured  sheets, 
without  any  further  dipping,  did  show  flash-down  burning  at  the  higher  pressures.  This 
was  apparently  the  result  of  damage  to  the  bond  between  plastic  and  propellant  caused 
by  cutting  the  strands. 

Although  applications  exist  for  simple  scrolls,  discs,  and  strips  of  screen- 
structured  propellant,  the  greatest  benefit  is  expected  to  derive  from  the  use  of  pre¬ 
formed,  bonded  cylinders  of  corrugated  and  laminated  screen.  In  this  way  150  to  300 

axial  cells  of  propellant  can  be  formed  in  an  integral  structure  of  2.5  to  3.5-inch 

diameter  at  low  cost.  The  result  is  a  readily  available,  cartridge-loaded,  smokeless 
propellant  charge  with  very  high  burning  surface,  capable  of  producing  10  to  40  thousand 
pounds  of  thrust  for  a  few  milliseconds.  Such  charges  should  have  great  utility  in  a 
variety  of  applications.  Ignition  delay  time  is  expected  to  be  one  millisecond  or  less 
with  a  head  end  igniter. 

Figure  1  is  a  sketch  of  an  end  view  of  such  a  cylindrical  structure  of  corrugated 
screen  prior  to  dipping  in  propellant  lacquer.  In  actual  practice,  the  structure  would 
be  convolute-wrapped  rather  than  the  concentric  rings  shown.  Figure  2  is  a  photograph 
of  an  early  model  of  a  completed  propellant  charge.  Figure  3  is  a  logarithmic  plot  of 
strand  burning  rate  of  the  NOSIH  AA-15  propellant  from  1000  to  5000  psi  and  at  70°F 
(21  C) .  Strands  were  also  burned  at  -40°C  and  60°C  between  3000  and  5000  psi  to  allow 

calculation  of  the  temperature  coefficient  shown  in  Figure  3  and  in  Table  1. 

Table  1  also  shows  the  formulation  and  properties  of  NOSIH  AA-15  propellant  pre¬ 
pared  by  normal  solventless  procedures  used  in  the  U.S.A.  Films  of  the  propellant  cast 
from  acetone  lacquer  on  mercury  typically  have  70°F  tensile  properties  of  about  2000  psi 
with  at  least  50%  elongation  at  rupture.  Films  formed  by  dipping  screen  into  the  same 
lacquer  are  stronger  and  exhibit  higher  modulus  as  would  be  expected. 

Propellant  properties  obtained  from  dried  lacquer  films  prepared  by  dissolving 
water-damp  (12%  H2O)  unrolled  propellant  paste  in  acetone  are  much  the  same  as  those 
shown  for  the  solventless  sheet  stock.  Thus  it  appears  that  rolling  is  not  essential 
to  the  formation  of  high  quality  propellant  lacquer.  It  is  helpful  in  the  development 
of  the  best  ballistic  and  mechanical  properties,  but  either  differential  rolling  or 
even-speed  rolling  is  probably  sufficient  to  assure  optimum  properties. 

In  conclusion  it  appears  that  a  low  cost  technique  exists  for  structuring  and 
retaining  a  very  high  surface,  thin-web  smokeless  propellant  charge  with  plateau  burning 
characteristics  and  competitive  specific  impulse.  The  propellant  should  be  utilized  at 
pressures  of  about  4,000  psi  (70°F)  to  take  maximum  advantage  of  its  properties.  Its 
low  slope  characteristics  down  to  1000  psi  should  make  it  attractive  for  recoilless 


applications  where  the  pressure  at  the  muzzle  may  have  decayed  to  this  level. 
Reference 

1.  U.  S.  Patent  3,138,499  of  June  23,  1964 

Nitrocellulose  Gas  Producing  Charges  Containing  Copper  and  Lead  Salts  and 
Aluminum,  A.  T.  Camp  and  F.  G.  Crescenzo. 


Table  1 

Formulation  and  Properties  of  NOSIK  AA-15  Propellant 


Nitrocellulose  (12.6*  Nitrogen,  linters)  49.0* 

Nitroglycerin  42.0 

2-Nitrodipheny lamine  2.0 

Di-normal- propyl  adipate  1.5 

Normal  lead  beta- resorcy late  2.5 

Monobasic  cupric  beta-resorcylate  2.5 

Carbon  black  0.5 

100.0 

Moisture  0.2 

Heat  of  Explosion  (cal/g)  1100 

Burning  Rate,  inches/second  at  3000  psi  1.5 

Pressure  Exponent  (3000  to  5000  psi)  70°F  0.2 

Temperature  Coefficient  (*/°F  i?  4000  psi  -40  to  140°F)  0.15 

Density,  pounds  per  cubic  inch  0.058 

Specific  impulse  1000/14.7  psia  (frozen) 

pound-seconds/pound  mass  235 

Specific  impulse  t)  4000  with  £  =  4.0  (frozen) 

lb  sec/lb  mass  215 

Range  of  70°F  pressure  over  which  is  less 

than  0.2%°F,  psia  nJlOOO  to  4500 

Discharge  coefficient,  Cn  (Ibm/lbf-sec  x  10J)  6.60 

Taliani  Stability,  mm  Hg/min  at  100mm  pressure  0.75 

Heat  capacity  of  gases  at  constant  volume  cal/g,0F  0.342 

Moles  of  gas  per  gram  of  propellant  0.0384 

Density  of  gas  at  4000  psia  and  2850°K,  lb/inJ  0.00084 

Adiabatic  flame  temperature,  °K: 

Xsochoric  Tv  3480 

Xsobaric  Tp  2869 


Composition  of  Gases  at  2850°K  and  4000  psi,  mole  percent 

Hydrogen  (Hj)  8.49 

Steam  (H20)  25.37 

Carbon  monoxide  (CO)  36.15 

Carbon  dioxide  (CO2)  15.64 

Nitrogen  (N2)  13.20 

Gamma  Cp/Cv  (frozen)  1.24 


Figure  l.  End  View  of  Corrugated,  Laminated 

Cylinder  of  Plastic  Screen  Suitable 
for  2.5-inch  (64mm)  Inside  Diameter 
Rocket  or  Gun  Tube 

Figure  2.  In  preparation.  Copies  will  be  brought  to  meeting. 


Note : 


J  r  CJ  )  j - -  v. 
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Figure  3.  Strand  Burning  Rates  of  NOSIH  AA  15  Propellant 


DISCUSSION 


I  o-l 


H.P.PIantif.  SNI'I 

What  range  o(  hum  mg  thickness  can  he  obtained  hy  this  process? 

Author's  Reply 

I  have  no  specific  information  available  hut  as  a  guide  if  you  take  the  burning  time  of  1 5  m/s  in  the  example  and  a 
burning  rate  of  37  mm/s  then  the  web  thickness  used  can  be  calculated.  Only  preliminary  work  has  been  done  and 
the  limits  of  the  system  have  not  been  established. 

We  see  the  concept  as  most  applicable  and  practical  for  applications  with  burning  times  of  3  to  10  milliseconds.  These 
times  correspond  from  2  to  about  h  dips  of  the  screen  in  lacquer.  By  the  time  6  dips  of  20%  propellant  lacquer  (in 
acetone)  have  been  applied,  the  coating  surface  has  nearly  lost  the  screen  pattern.  This  pattern  is  retained,  however, 
(airly  well  through  4  dips  and  is  advantageous  for  increasing  the  burning  surface  and  degree  of  neutrality  of  surface. 


W.H.Diesinger,  Dynamit  Nobel  AC,  Ce 

Can  you  give  some  information  on  the  specific  impulse  efficiency,  allowing  for  the  cooling  of  the  gases  in  the 
combustion  chambers?  Also  can  you  comment  on  the  igniter  design? 

Author's  Reply 

With  regard  to  specific  impulse,  we  have  no  information  yet  since  we  have  not  fired  charges  in  motors.  This  is 
planned  in  the  near  future. 

With  regard  to  the  igniter.  A1  Camp  envisages  two  different  types  of  igniter.  One  igniter  would  be  at  the  head  end 
but  the  second  type  would  be  tubular  igniter  running  down  the  centre  of  the  wafer.  The  latter  would  simultaneously 
pressurise  every  assembly  and  ignite  everything  at  the  same  time. 


MrWeyl 

Do  you  use  the  plastic  screen  for  the  discs? 


Author's  Reply 

Yes.  The  plastic  screen  is  sliced  by  a  cutter  and  propellant  is  subsequently  deposited  on  it  Following  this  the 
separator  ridges  are  glued  on. 


P.Spadetta.  It 

What  could  be  the  expected  behaviour  of  a  grain  made  with  the  described  type  of  propellant  under  environmental 
stresses,  such  as  temperature  shock,  mechanical  shock,  vibrations,  ageing,  etc.  .  ? 

Author's  Reply 

We  have  a  lot  to  determine  in  these  respects,  but  bonding  of  propellant  to  screen  appears  to  be  excellent  in  strand 
burning  tests  “down-screen".  No  flash -down  problems  observed.  We  have  not  temperature  cycled  before  firing  nor 
have  we  fired  charges  under  high  acceleration. 

Principal  applications  now  are  in  recoilless  guns  with  stationary  propellant  charge,  minimum  stresses  on  propellant. 


R.Lo.  DFVLR,  Ge 

Is  there  sufficient  oxygen  to  bum  the  screen  material? 
Author's  Reply 

Calorimeter  tests  seem  to  indicate  affirmatively. 


R.Lo,  tie 

What  weighi  %  is  the  screen  material? 

Author's  Reply 

Variable.  10  to  20%. 


R.Lo,  (ie 

If  it  does  not  bum  completely,  does  it  cause  smoke  formation? 

Author's  Reply 

Probably  a  fine  dust  if  not  combusted  completely. 


16*5 

R.Lu,  lie 

\Uut  is  the  loading  density  that  can  be  achieved  (in  tenns  of  energy  per  unit  volume  as  compared  with  other 
charges). 

Author's  Reply 

Stacked  discs  would  appear  to  provide  very  competitive  loading  density.  Corrugated  structures  probably  less  so.  but 
the  avoidance  of  any  loss  of  propellant  would  seem  to  justify  this  deficiency. 

Author's  Comment 

The  w  ork  described  in  the  paper  is  still  at  a  very  early  stage  of  application.  Both  current  applications  are  in  recoilless 
guns,  lests  are  expected  to  take  place  in  May.  The  advantages  we  see  for  recoilless  guns  are  a  very  favorable 
pressure  exponent  and  temperature  coefficient  compared  with  typical  smokeless  gun  and  rocket  propellants,  and  the 
retention  of  propellant  throughout  burning.  We  expect  ignition  delay  to  be  very  short  also. 
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SUMMARY 

The  application  of  composite  propellant  technology  for  the  power  source  of  new  weapon 
systems  has  increased  steadily  during  the  last  few  years.  Especially  for  quided  missiles, 
composite  qas  generators  are  considered  as  the  optimum  solution  with  respect  to  weight, 
reliability  and  cost  effectiveness.  In  order  to  comply  with  the  requirements  of  low  burning 
rates,  composite  propellants  with  ammonium  nitrate  (AN)  as  the  oxidizer  are  normally  used. 

Different  crystal  lattices  as  a  function  of  temperature  have  been  an  inherent  weakness 
of  AN  which  ultimately  chanqe  the  density,  the  mechanical  properties  and  therefore  the 
burning  rates  of  AN-propel lants.  In  order  to  overcome  these  problems,  the  Incorporation 
of  metal  ions  into  the  crystal  lattice  is  sometimes  used. 

Preferably  nickel  in  small  amounts  very  effectively  stabilizes  and  shifts  these  phase 
changes  to  higher  temperatures,  thus  leading  to  propellants,  which  can  easily  withstand 
temperature  cycling  between  -54°C  and  ♦72°C  up  to  150  cycles.  Developments  a: d  investi¬ 
gations  with  respect  to  achievable’  burning  rates,  ageing  behavior  and  environmental  loading 
capacities  produced  a  family  of  gas  generator  propellants  with  an  HTPB-binder  system, 
suitable  for  use  under  severe  environmental  conditions  such  as  air-to-air  missile  appllca- 
t ions . 


I.  INTRODUCTION 

The  application  of  composite  propellant  technology  for  the  power  source  of  now  weapon 
systems  has  increased  steadily  during  the  last  few  years.  Hereby  the  following  specific 
requirements  have  to  be  fulfilled. 

Operational  range  between  -54°C  and  ♦72°C 

Combustion  temperatures  <  1500  K 

Low  soot  and  solid  content  of  the  combustion  qases 

-  Non-corrosive  combustion  gases 

Mechanical  stability  toward  environmental  loading 

-  Stability  of  ballistic  properties  toward  environmental  loading 

Burning  rates  between  0,7  -  3  mm/s  at  70  to  100  bar  at  ambient 

temperature . 

Conventional  composite  propel lant s,  based  on AP  are  not  acceptable  because  the  combustion 
temperatures  are  too  high,  the  combustion  gases  are  corrosive  and  the  required  burning 
rates  are  not  achievable. 

Single  or  double  base  propellants  are  sometimes  used.  However, here  also  is  the  achievement 
of  the  low  burning  rates,  the  low  qas  temperatures  and  low  soot  content  a  major  problem. 

Gasgenerator  propellants  based  on  ammonium  nitrate  are  considered  as  the  optimum  solut  ion 
with  respect  to  weight,  reliability  and  cost  effectiveness.  Polymers  such  as  polybutadienes, 
polyesters,  polyethers  and  polysulfides  are  used,  each  polymer  having  his  advantage  and 
disadvantage . 


II.  POLYMORPHISM  OF  AMMONIUM  NITRATE 

An  inherent  weakness  of  ammonium  nitrate  is  its  polymorphism,  leading  to  seven  different 
modifications  in  the  temperature  ranqe  between  -180  and  ♦180°C.  Hygroscopic lty  of  ammonium 
nitrate  and  its  polymorphism  cause  a  distinct  cakinq  tendency  and  permanent  volume  expansions 
and  contractions  whereby  the  phase  change  from  modifications  IV  to  III  at  33  -  37*C 
accompanied  with  a  volume  Increase  of  approximately  1  1  Is  especially  disturbing  for 
practical  applications. 
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Fl<?-  *  Polymorphism  of  ammeniu''uiitrate 


Fig.  1  shows  the  polymorphism  of  ammonium  nitrate  within  the  temperature  range  of  -25°C 
to  t125°C,  illustrating  very  clearly  the  large  increase  in  volume  at  33°C. 

It  has  to  be  pointed  out  however,  that  parameters  such  as  direction  of  temperature 
sweep,  cooling  or  heating  rate,  crystal  size  and  water  content  of  the  samples  influence 
the  phase-change  temperatures,  thus  leading  to  different  temperature  quotations  in  the 
literature.  In  order  to  circumvent  these  disturbing  properties  of  ammonium  nitrate, 
extensive  studies  have  been  carried  out  including  surface  treatment  and  incorporation  of 
impurity  ions  into  the  crystal  lattice.  Surface  treatment  alone  naturally  is  not  preventing 
the  volume  expansion  during  the  phase  change  of  modification  IV  to  III  and  can  improve  the 
fluidity  only.  Proper  selection  of  impurity  ions,  however,  can  prevent  the  volume  expansion 
during  phase  change  and  improve  the  fluidity,  this  means  introduce  some  anticaking 
properties  as  well. 

Especially  the  incorporation  of  diamin  complexes  of  nickel,  copper  and  zinc,  in¬ 
vestigated  by  W. ENGEL  (1),  produced  a  satisfying  phase  stabilization  and  improvement  of 
the  fluidity  even  at  relatively  small  amounts  of  impurity  ions.  Fig.  2  shows  the  volume 
expansion  curves  versus  temperature  of  ammonium  nitrate,  stabilized  with  various  amounts 
of  nickel  oxide,  clearly  illustrating  the  shifting  and  stabilizing  effect  of  this  impurity 
ion.  For  demonstration  purpose  only,  the  curves  are  shifted  along  the  y-axis  and  ar  there¬ 
fore  not  documenting  an  absolute  value  of  the  specific  volumina. 


Fig.  2  Volume  expansion  curves  of  ammonium  nitrate,  stabilized 
with  nickel  oxide 


III.  PROPELLANT  DEVELOPMENT 


A  lot  of  parameters  have  to  be  considered  in  selecting  the  proper  binder  for  a 
propellant  development.  Availability,  price,  physical  and  mechanical  properties  play  an 
important  role  and  finally  led  to  the  selection  of  hydroxylterminated  polybutadiene  (IITPB) , 
even  though  oxygen  containing  polymers  such  as  polyethers  and  polyesters  seem  to  be  more 
favourable  in  view  of  the  required  low  soot  content,  because  of  the  possibility  to  work 
with  a  lower  solid  filler  content. 

The  gas  generator  propellants  are  formulated  as  follows: 

weight  » 


ammonium  nitrate,  stabilized 
with  3  «  NiO  (ANS) 

cooling  agents 
ballistic  modifiers 
HTPB-blnder  system 


76  -  83 
0-5 
0-3 
17  -  19 


Manufacturing  of  the  propellants  takes  place  according  to  the  usual  composite 
technology,  i.e.  processing  under  cllmatized  conditions,  vacuum  mlxina  with  vertical 
mixers,  yielding  propellants  which  are  easily  castable.  The  compositions  are  cast  at 
ambient  temperature  and  cured  at  40  -  50®C.  The  curing  time  ranges  from  3  to  10  days, 
depending  on  the  formulation.  As  can  be  concluded  from  the  above  mentioned  general 
formulation,  a  whole  family  of  qas  generator  propellants  can  be  formulated.  This  family 
was  designated  "NB  410". 


Thermodynamical  properties  and  composition  of  combustion  gases  at  chamber  conditions 
for  a  NB  410  propellant  with  82  t  ANS  can  be  seen  from  table  1. 


Vol . -% 

weight  % 

Isp  (70/1) 

Ns/kg 

2016 

h2o 

27,855 

23,60 

Tc 

K 

1406 

H2 

23,616 

2,24 

Te 

K 

794 

CO 

3,268 

4,31 

1,147 

C°2 

16,942 

35,08 

M 

21,43 

"2 

21,215 

27,96 

c* 

m/s 

1209 

C„4 

6,380 

4,80 

NH3 

0,017 

0,01 

Ni  (s) 

0,703 

1.93 

rest 

0,004 

r* 

o 

o 

Table  1  Thermodynamical  properties  of  a  NB  410  propellant 
with  82  «  ANS 


The  required  criterias  for  gas  generator  propellants  such  as  combustion  temperature, 
non-corrosivity  of  combustion  gases  and  sootlessness  are  guaranteed  with  this  formulat ion. 
Only  1.93  »  by  weight  of  nickel  is  obtained  as  solid  component  in  the  combustion  gases. 

No  damaging  effects  however  could  be  detected,  when  experiments  with  a  connected  servo 
motor  were  carried  out. 

The  change  in  gas  composition  after  a  shifting  equilibrium  expansion  to  20  bar  can 
be  seen  in  table  2. 


T  <K) 

1000 

800 

600 

550 

500 

380 

360 

300 

C  (s) 

- 

- 

- 

3,11 

15,09 

55,45 

147,1 

148,14 

Ni  (8) 

19,36 

19,36 

19,36 

- 

- 

- 

- 

- 

NiO  (s) 

- 

- 

24,60 

24,60 

24,60 

24,60 

24,60 

h2o  (1) 

* 

- 

- 

539,95 

546,91 

Table  2  Composition  of  condensed  phases  in  g/kg  propellant 
at  various  temperatures  and  20  bar. 

At  550  K,  some  soot  can  be  expected,  while  nickel  changes  to  nickel  oxide. 

The  uniaxial  mechanical  properties  are  presented  as  master  curves  in  fig.  3-5. 
Superposition  of  the  values  for  different  temperatures  and  cross  head  speeds  were 
obtained  by  application  of  the  WLF-equation  using  a  temperature  shift  factor 


» 


I 
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no.  Range  >'t  binning  l.ites  o(  ANS-pt*'lH'l  lant  ■  .it  20‘V 


IV.  COMPARISON  OF  AMMONIUM  NITRATK  PROrKI.l.ANTS  AFTER  FNVI  RONMENTA!  TESTING 

The  transition  of  unstabilized  ammonium  nitrate  from  modif teat  ion  IV  to  111  at  33*0 
accompanied  with  a  substantial  increase  in  volume  leads  to  a  restricted  applicability  of 
these  propellants.  Jumpinq  this  phase  transition  point  several  times  causes  a  separat ion 
of  the  oxidizer  particles  from  the  binder  matrix,  also  called  dewetting,  entailing  a 
significant  alteration  of  physical,  mechanical  and  ballistic  properties.  The  enormous 
improvement  by  using  phase  stabilized  ammonium  nitrate  is  demonstrated  in  a  direct 
comparsion  of  AN  and  ANS  propellants  in  tig.  8  -  Hi.  Roth  types  of  propellant  have  been 
submitted  to  an  environmental  simulation  program,  crossing  the  critical  transition 
temperature  twice  per  cycle.  Within  the  test  programm  of  125  cycles,  samples  were  with¬ 
drawn  for  Investigations  every  25  cycles. 

In  fig.  8  the  change  in  density  after  temperature  cycling  is  shown  for  both  types 
of  propellant.  It  is  noticeable  that  the  density  of  AN-propel lants  decreases  by  15  * 
already  after  25  cycles  whereas  the  change  in  density  of  ANS-propel lants  amounts  to  2  * 
after  125  cycles  only. 


AN;*  1'iopet  hint 


Change  ot  density  attei  t  empei  at  in  e  .  v*  ling 


r  ' 


Running  parallel  with  the  decrease  In  density,  a  tremendous  deterioration  of 
mechanical  properties  with  Increasing  numbers  of  cycles  can  be  observed .  Concurrent ly  , 
the  tensile  strength  and  the  elongation  Is  declining  with  AN-prope 1 lants  whl  le  cont rary 
ANS-propel lants  show  hardly  any  effect  even  after  12b  cycles  (fig.  'll. 


Fig.  Change  of  moehannal  projHM  t  uv.  attei  i  empet  at  uto  t  yt  l  mg 


Guarantee ing  the  ballistic  properties  after  environmental  simulation  is  the  decisive 
factor  for  the  usability  of  propellants.  It  can  be  seen  in  fig.  10,  that  at  most  AN- 
propel lants  can  be  submitted  to  an  envi ronmental  simulation  of  2b  cycles  if  an  increase 
in  burning  rate  of  8  *  is  acceptable.  Using  phase  stabilized  ammonium  nitrate  however, 
a  much  better  constancy  of  the  burning  rate  can  be  achieved,  because  an  increase  of  only 
3  t  was  observed  after  f2‘>  cycles. 

bong  term  storage  behavior  at  elevated  temperatures  of  AN/ANS-propel lants  (fig. 11, 1.1 
where  no  crossover  of  the  transition  temperature  takes  place,  is  identical  for  both  types 
of  propellants.  Storage  of  ANS-propel lants  at  up  to  72  weeks  did  not  change  the 

burning  rate.  The  same  behavior  was  found  with  AN-propel lants ,  where  the  storage  was 
terminated  after  24  weeks. 


Fig. 10  Change  of  burning  tale  aftri  t ompoi at ui o  cycling 


Fiq.  12  Change  of  mechanical  properties  after  storage  vit  SO*C 

A  completely  assembled  gas  generator,  containing  four  grains  mounted  in  pairs  facing 
each  other  was  subjected  to  a  cumulated  environmental  simulation  program.  The  loads 
consisted  of: 

a  temperature  cycling  programm  of 

50  cycles  between  -40  and  *50°C 
100  cycles  between  *20  and  +  50®C 


six  cycles  between  25  and  55®C  at  a  relative 
humidity  above  90  % 


random  vibration  at  -40  and  +65*0 


frequency  range 
test  axis 
duration 


number  of  shocks  2000/axis 

test  axis  *x,  *y  and  *z 

total  number  of  shocks  12  000 

shock  frequency  1  -  3  shocks/s 

duration  6  ms 

acceleration  SO  g 


In  fig.  13  the  pressure/time-traces  of  gas  generators  with  NB  410-propellants  can 
be  seen,  of  which  one  has  been  subjected  to  the  above  mentioned  cumulated  environmental 
simulation  program.  Both  traces  are  identical  except  for  a  slight  increase  of  pressure 
during  the  ignition  phase  at  the  gas  generator  after  simulation,  generated  by  the  starter 
grain  which  consisted  of  a  regular  ammonium  perchlorate  propellant.  It  can  be  rifely 
concluded,  however,  from  these  data,  that  the  NB  410-propellants  have  satisfactorily 
endured  the  inflicted  loadings. 


Pressure/tlme-traces  of  NB  410-qasqenerators 
without  environmental  simulation 
•  after  environmental  simulation 


After  conclusion  of  propellant  development,  NB  410  206  was  examined  by  an  official 
governmental  institution  (BICT) .  The  data  listed  in  table  3  represent  an  excerpt  out  of 
these  BICT  reports. 


Heat  of  explosion 

weight  loss  at 

J/q 

3242 

363  K  after  18  days 

% 

none 

348  K  after  34  days 

« 

none 

ignition  temperature 

K 

488  -  501 

friction  sensitivity  by  BAM 

no  rea-tion 

impact  sensitivity  by  BAM 

J 

25 

detonation  wave  sensibility 

none 

Table  3  Safety  and  propellant  data  of  NB  410  20f 

In  conclusion,  it  can  be  stated,  that  NB  410-propellants  are  representative  of  gas 
generator  propellants  which  are  superior  to  propellants  containing  unstabilized  ammonium 
nitrate.  These  NB  410-propellants  are  especially  suited  for  applications  where  systems 
are  exposed  to  a  large  temperature  range  and  frequent  temperature  cycling  such  as  air- 
to-air  missiles. 
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DISCUSSION 


G.Krisiofersrn,  Norwegian  Defence  Research  Establishment.  No 

My  question  concerns  the  nickel  or  solid  particles  in  general  in  the  combustion  gases  from  your  propellant.  Gas 
generators  are  as  a  rule  used  with  downstream  servo  mechanisms  which  contain  filters  and  valves.  Have  you  any 
experience  of  blockages  of  these  components? 

Author's  Reply 

The  gas  generator  system  was  equipped  with  a  filter  of  80  micron  mesh  si/e.  Hardly  any  clogging  or  specifically 
only  a  pressure  difference  of  3  4  bar  before  and  after  the  filter  has  been  observed.  The  valves  must  be  properly 
designed  in  order  to  insure  correct  action. 


G.Kristofersen,  No 

Is  the  burning  rate  affected  by  acceleration  conditions?  The  solid  particles  could  be  important  in  this  respect. 

Author's  Reply 

Acceleration  tests  have  been  carried  out  with  several  types  of  propellants.  No  problems  arise,  when  uncatalyzed 
propellants  are  used.  i.e.  the  phase  stabilized  ammonium  nitrate  causes  no  problems.  Proper  selection  of  burning 
rate  modifiers  however  is  absolutely  necessary  in  order  to  prevent  an  increased  burning  rate  during  acceleration 
tests. 


N.Seiden.  N.O.S.  Indian  Head 

Can  you  tell  us  about  your  experience  of  igniting  these  gas  generators  with  igniters  using  other  than  ammonium 
perchlorate  propellants. 

Author's  Reply 

The  propellants  can  also  be  ignited  with  Boron/Potassium  nitrate  pyrotechnics.  Success  at  all  temperatures  was 
obtained  during  development. 


Mr  Lanteri-Minet.  Service  Techniques  des  Poudres  et  F.xplosifs.  SNPF 

To  obtain  easier  ignition  would  it  not  be  possible  to  use  polysulphide  binder  cured  with  paraquinone  dioxide?  This 
would  permit  a  reduced  ammonium  nitrate  filler  level  and  hence  a  cooler  flame.  This  binder  would  also  provide 
higher  burning  rates  than  with  1ITPB.  Thus  a  cooler  flame  ( I  200°K)  at  the  same  burning  rate  is  achieved. 

Author's  Reply 

Polysulfides  have  been  used  at  an  earlier  stage  of  development.  This  binder,  however,  was  found  to  be  incompatible 
because  of  the  formation  of  liquid  or  solid  nickel-sulfide  as  a  combustion  product  which  caused  a  lot  of  problems, 
especially  to  the  valves. 


O.BIichner.  Norwegian  Defence  Research  Establishment.  No 

In  your  Figure  13  the  initial  peak  pressure  is  approximately  100'?  higher  than  the  operational  pressure.  Did  this 
result  from  a  performance  at  an  ambient  temperature  of  15°C?  If  so.  what  peak  pressures  can  be  expected  at  higher 
ambient  temperatures? 

Author's  Reply 

The  experiment  was  carried  out  at  ambient  temperature  of  20°C.  The  reason  for  the  high  ignition  pressure, 
originating  from  the  AP-starter  grain  is  that  no  gas  distributing  ring  was  connected  to  the  gas  generator  in  this  experi¬ 
ment.  The  completely  assembled  gas  generator  system  would  yield  an  ignition  pressure  of  1 20  bar  at  ambient 
temperature  and  160  bar  at  +65°C. 
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NEW  BINDER  SYSTEM  FOR 
COMPOSITE  SOLID  PROPELLANTS 

Carl  Gotzmer  R-21 

Naval  Surface  Weapons  Center,  White  Oak 
Silver  Spring,  MD 

Nat  Seiden  PM1 

Naval  Ordnance  Station,  Indian  Head,  MD 


ABSTRACT 

A  new  binder  system  that  has  many  unique  properties  has  been  developed  for  applica¬ 
tion  with  both  castable  and  extrudable  composite  solid  propellants.  The  binder  system 
consists  of  a  low  acrylonitrile  type  carboxy-terminated-polybutadiene-acrylonitrile  liquid 
copolymer  (CTBN)  which  is  crosslinked  with  di-  and  tri — epoxides.  A  dual  epoxide  cross- 
linking  system  is  employed  to  permit  broad  adjustment  of  propellant  modulus  for  various 
applications . 

Castable  and  extrudable  composite  rocket  propellants  based  on  B.F.  Goodrich's  CTBN 
(1300  x  15)  polymer  have  been  developed  and  fired  successfully  in  several  motor  sizes  at 
typical  service  temperatures.  This  binder  system  provides  the  propellants  with  relative 
insensitivity  to  atmospheric  moisture  during  processing  and  a  generous  pot  life.  Pro¬ 
pellant  costs  are  fully  competitive  with  those  of  carboxy-  or  hydroxy — terminated  poly¬ 
butadiene  binder  propellants. 

Although  these  propellants  were  developed  for  low  smoke  properties  (high  AP,  very 
low  A1  and  other  particulate  -  producing  additives),  formulations  with  high  solids  loading 
(a/907„  of  combined  AP  and  Al)  appear  feasible  with  adequate  mechanical  properties  and 
extrudability  for  cartridge  loaded  charges. 

INTRODUCTION 

A  new  binder  system  was  developed  for  composite  solid  rocket  propellants*  that  has 
many  unique  properties.  The  binder  system  consists  of  low  acrylonitrile  content  carboxyl- 
terminated  polybutadiene-acrylonitrile  liquid  copolymer  (CTBN)  which  is  crosslinked  with 
di- and  tri-epoxides. 

The  "Improved  Binders  for  Propellants  Application"  is  a  NAVSEA  program  that  is  con¬ 
cerned  with  the  development  of  improved  binder  systems  for  new  propellants  that  can  be 
scaled-up  for  use  in  future  Navy  rocket  motors.  The  primary  goal  of  the  program  was  to 
develop  a  propellant  binder  with  better  propellant  aging  characteristics  and  physical 
properties  than  existing  binder  systems.  However,  other  considerations  such  as  good 
propellant  processing  properties,  a  potential  for  high  solids  loading,  low  primary  smoke, 
and  good  resistance  to  atmospheric  moisture  during  processing  were  guidelines  in  achieving 
the  main  objectives.  Successful  completion  of  the  program  would  yield  improved  perform¬ 
ance  and  lower  costs  through  improved  propulsion  systems  reliability  and  service  life. 

One  such  approach  for  achieving  the  objective  is  to  avoid  the  commonly  used  urethane 
(HTPB- Isocyanate)  or  carboxyl-aziridinyl  (CTBN-MAPO)  type  binder  systems  and  utilize 
mercapto-epoxide  or  carboxyl-epoxide  type  curing  systems.  Beginning  in  1972  a  mercaptan 
terminated  butadiene-acrylonitrile  (MTBN)  liquid  copolymer  was  characterized  and  investi¬ 
gated  for  use  as  a  propellant  binder  utilizing  epoxide  crosslinking  agents.  Important 
information  was  gained  in  these  studies  with  respect  to  (1)  regulating  crosslink  density 
via  dual  epoxide  crosslinking  systems  and  (2)  binder- filler  interaction  of  the  nitrile 
groups  in  the  backbone  of  the  copolymer  with  ammonium  perchlorate.  Presently,  carboxyl- 
terminated  butadiene-acrylonitrile  (CTBN)  liquid  copolymer  utilizing  the  crosslink 
system  developed  during  the  MTBN  studies  is  under  investigation  as  a  propellant  binder. 

DISCUSSION 

MTBN  BINDER  SYSTEM 

Previous  work  in  this  laboratory  included  the  investigation  of  MTBN  copolymer  for  use 
as  a  propellant  binder.  The  copolymer  was  commercially  available  and  manufactured  by  the 
B.F.  Goodrich  Chemical  Company  under  the  designation  Hycar  MTBN  (1300  x  10).  Characteris¬ 
tics  of  MTBN  copolymer  are  listed  in  Table  I. 


*  The  new  binder  system  was  developed  with  funds  provided  by  the  Naval  Sea  Systems  Command 
under  project  SEA-SF131332307  "Improved  Binders  for  Propellant  Application”  and  monitored 
by  J.W.  Murrin  and  R.F.  Cassel.  The  program  was  carried  out  by  the  Propellants  Chemistry 
Branch,  NSWC,  Code  CR21  of  Indian  Head,  Maryland.  Patents  have  been  applied  for  covering 
the  binder  system. 


is  ■: 


MTBN  copolymer  wax  cured  with  .1  dual  epoxy  resin  system  employing  ••in  orgauomel al lie 
catalyst.  The  dual  epoxide*  provided  control  over  (hr  crosslink  density  of  1  lie  binder 
system.  Select  ton  of  the  epoxide*  w,i»  based  on  the  following  criteria 

(a)  Ability  to  act  ax  reactive  diluent  (lower  overall  binder  aval  cm  dlscositv). 

(b)  Suppression  of  Tg  (function  aa  Internal  plaat tclser) . 

(c)  I’bvalcal  proport  lea  achieved  (attainment  of  maximum  work  to  produce  rupture). 

(d)  Chain  extension. 

I’roceaalng  ol  composite  propellant  waa  not  hampei  ed  bv  the  high  MTHN  viscosity 
because  of  the  considerable  drop  In  viscosity  observed  when  MTHN  was  mixed  with  the  two 
low  viscosity  epoxides. 

Negligible  differences  between  maximum  and  break  values  of  the  mechanical  properties 
were  found  for  MTHN  propellants  crossllnked  with  two  epoxides  and  containing  up  to  JOT 
plasticiser.  Table  tl  lists  mechanical  properties  ol  propellant  aged  in  dry  air  for  JO 
days  at  1 76*K  (80dC). 

Excellent  pot  life  (Table  111)  was  demons!  rat  ed  at  8-’  to  8*)%  solids  loading  for  MTHN 
propellants  when  a  mixed  antioxidant  was  employed  such  as  alkylated  dlphenvlamine  and 
po lybut y lat ed  hlsphenol  A.  Such  propellants  attained  complete  cures  alter  7  da vs  at 
17(TF  (77°C). 

Three  important  conclusions  reached  during  the  MTHN  binder  study  were  applied  to  the 
CTHN  propellant  development  In  the  latter  part  of  this  program. 

tl)  The  functionality  (1.7)  of  MTHN  copolymer  was  lower  than  desired.  A  functionality 
of  .’.0  or  greater  would  be  needed  t o  eliminate  dangling  polymer  chains  and  improve  the 
mechanical  properties  ol  the  cured  polvmer  network. 

(.’)  MTHN  copolymer  molecular  weight  was  lower  than  desired.  To  develop  t he  necessary 
strain  properties  an  increase  in  molecular  weight  from  1700  to  1000  would  be  desirable 
and  could  be  brought  about  (without  drastically  Increasing  the  viscosity  of  the  copolymer) 
bv  correspondingly  decreasing  the  nitrile  content  of  the  copolvmer. 

(!)  The  nitrile  content  (74%)  of  MTHN  copolymer  was  found  to  be  too  high  with  respect 
t o  achieving  good  physical  properties  at  -hvY  (-%4°C).  Acceptable  physical  properties 
at  -40°F  (-4(r’C)  could  only  he  attained  through  the  use  of  glass  transition  temperature 
depressants  such  as  linear  polvethe.  dt-epoxlde*  or  ester  type  plasticizers. 

The  above  mentioned  conclusions  revealed  during  the  Investigation  of  MTHN  copolvmer 
were  advantageously  combined  Into  the  development  of  the  present -dav  t'THN  (1100  x  IS) 
propellant  discussed  In  the  remainder  of  this  paper. 

t'THN  HINDER  SYSTEM 

It  Is  Important  to  note  that  the  t'THN  copolvmer  discussed  In  the  paper  was  originally 
a  development  product  of  H.E.  Coodrich  Chemical  Company  until  late  1  *> /*>  (CTHN  1300  x  IS 
Is  presently  commercially  available).  It  Is  not  the  same  copolvmer  as  the  related 
commercial  products  CTHN  (1100  x  8)  and  CTHN  (1)00  x  13)  which  have  higher  nitrile 
contents  anil  viscosities. 

The  CTHN  under  Investigation  is  a  low  acrylonitrile  type  designated  CTHN  (MOO  x  IS), 
the  properties  ot  which  are  listed  in  Table  IV.  Reaction  of  the  epoxides  with  t'THN  Is 
analogous  to  MTHN  in  that  the  concentration  of  the  epoxides  can  be  used  to  control  the 
functionality  ol  the  final  crossllnked  network.  Thermally  stable  propellants  have  been 
prepared  with  moduli  ranging  from  400  to  4000  pal  (at  ambient  temperature)  at  solids 
loadings  In  the  range  of  HIT.  to  88%.  Manipulation  of  the  ill-  and  tri-epoxide  and 
epoxlde/COOH  equivalence  ratios  to  control  crosslink  density  of  the  binder  system  permits 
broad  adjustment  of  propellant  physical  properties. 

Table  V  shows  how  the  propellant  modulus  may  be  varied  by  manipulating  the  dl-/tri- 
epoxlde  ratio.  Other  influences  on  modulus  such  as  solids  loading,  epoxide  equivalence 
and  the  effect  ot  a  plasticizer  were  studied.  Formulation  "A"  In  Table  VI.  at  low 
solids  loading  results  In  a  high  modulus,  whereas  formulation  "It"  at  high  solids  loading 
exhibits  a  low  modulus.  The  changes  in  propellant  properties  resulted  from  the  use  of 
a  plasticizer  and  the  Inversion  of  the  dt- (tri -epoxide  ratio.  Table  Vll  lists  the 
results  of  typical  aging  tests  conducted  In  dry  air  of  a  propellant  formulation  contain¬ 
ing  8S%  solids. 

The  improved  mechanical  performance  of  CTHN  over  that  of  MTHN  copolvmer  as  a  pro¬ 
pellant  binder  can  be  attributed  to  the  increased  molecular  weight,  higher  functionality 
and  lower  acrylonitrile  content  of  CTHN  (MOO  x  IS). 

PROPF.U.ANT  CRAIN  MOOESSINO  AND  MOTOR  El R l NOS* 

The  attainment  of  high  moduli  in  composite  propellants  utilizing  the  new  CTHN  (MOO 
x  IS)  binder  system  has  stimulated  Interest  in  use  for  cartridge  loaded  application. 

The  initial  application  concerned  the  replacement  of  an  extruded  double  base  propellant 
in  a  S-ineh  diameter  .IATO  motor.  Processing  of  the  grain  was  carried  out  in  standard 
production  equipment,  per  the  flow  chart  in  Figure  I.  Defect  free  grains  were  produced 
In  this  manner  as  shown  in  Figure  i. 
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VVI'U'AI  I'ROl'PRTIPS  OP  HYOAK  MThN  OW  x  10) 


KI'IIR,  S1I  0.101 

NoleonlAi  Weight  luumhet  everege'  1*00 

X  Sll  1 . 4 

Pune t Ion a 1 1 1  v  1 , ? 

X  Acrylonitrile  ,’4 

Ash  iperoent '  0.1 

Specific  l.l'Avl  t  v  .<1  5  VY  0  . x*  1 

Wlo.'K  field  Vlsoosltv  fl  }  7'Y ,  poise  1>0 

OIaaa  I  1  Ails  1 1  Ion  t  empei  At  in  e  ,  *V  ihv  l'S0'  40 


iNot  to  |>e  oonst  rued  as  menuf eel m er ' s  speol  f  lost  Ions' 


TAM.P  II 

MPi'IIANilAI  1*R01'PKTIPS  OP  MTUN ,  NIX  \4(.0 


Ovlglnsl  Aftet  10  ,Iavs  (1  SO'Y 

Properties  aii.I  twloe  ovole.l  to  5VV 


Tensile  .1  Max  stiess,  psl 

104 

10b 

PlongAtlon  tfl  Nax  si  less,  X 

lo.b 

!«.? 

Tensile  <1  Kuptute,  psl 

li'.' 

10b 

PlongAtlon  .<1  Hup  line,  X 

50.  ? 

10.; 

St  l  sin  1  At  e  0  *40*  In  In  min  'ANNAP  I'lPi'I'T 
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TYPICAL  POT  LIFE  OF  MTBN  PROPELLANTS 

Time  (hrs)  Brookfield  Viscosity  @  130°F  (54°C), 

_  5rpm.  Spindle  "K"  (kllopolse) _ 


Mix  7166 

Mix  1085 

1 

12.4 

15.0 

2 

13.2 

15.8 

3 

14. R 

16.4 

A 

16.0 

17.6 

11 

24.0 

26.0 

Mix  7166  contained  86X  solids 
Mix  1085  contained  81%  solids 

TABLE  IV 

TYPICAL  PROPERTIES  OF  CTBN  (1100  *  15) 


EPHR,  COOH  0.053 

Molecular  weight  (number  average)  3600 

X  COOH  2.4  7 

Functionality  1.1 

X  Acrylonitrile  10 

Heat  Loss,  2  hours  (3  130°C,  X  1.0 

Specific  Gravity  fcl  25°C  0.128 

Brookfield  viscosity  (3  27°C,  poise  500 

Glass  transition  temperature.  °C  (bv  DSC)  -68 


(Not  to  be  construed  as  manufacturer's  specifications) 


TABLE  V 

ADJUSTMENT  OF  PROPELLANT  PROPERTIES 
(at  constant  solids  loading) 


CTBN  (1300  x  15) 

12.30 

12.30 

Di- Epoxide 

0.77 

0.67 

Trt- Epoxide 

0.31 

0.41 

Anti  oxidant 

0.36 

0.37 

Onaclf ler 

0.10 

0.10 

Aluminum 

1  .0 

1 .0 

AP 

85.0 

85.0 

Catalyst 

0.08 

0.07 

TOT!) 

Physical  Properties  (3  25°C 

Tensile  @  Rupture,  psi 

172 

285 

Elongation  (<•  Rupture, X 

44 

25 

Molulua,  psi 

1053 

2034 

Shore  A  hardness 

61 

83 

m-5 


TABLE  VI 


ADJUSTMENT  OF 

PROPELLANT  PROPERTIES 

FORMULATION  "A" 

FORMULATION 

CTBN  (1300  x  15) 

14.22 

8.74 

Di-Epoxide 

0.71 

0.53 

Tri-Epoxide 

0.99 

0.28 

Anti  Oxidant 

0.62 

0.50 

Opacifier 

0.50 

Inerts 

0.90 

0 . 20 

Aluminum 

2.0 

22.0 

AP 

80.0 

66.0 

Catalyst 

0.06 

0.06 

Plasticizer 

-  - 

1.69 

100.0 

100.0 

Physical  Properties  @  25°C 

Tensile  @  Rupture,  psi 

265 

100 

Elongation  @  Rupture, X 

9 

40 

Molulus,  psi 

4270 

410 

Shore  A  Hardness 

90 

50 

TABLE  VII 


PHYSICAL  PROPERTIES  OF  AGED  CTBN  PROPELLANT 


max.  stress,  psl  872  859  763  830  830 


strain  @  max.  stress. 

X 

9 

8 

8 

8 

9 

Modulus,  psl 

17 ;634 

19,538 

15,735 

17,179 

16,549 

77°F  (25°C) 

max.  stress,  psl 

286 

280 

291 

297 

279 

strain  @  max,  stress, 

X 

16 

16 

16 

17 

17 

Modulus,  psl 

2,443 

2,726 

2,558 

2,588 

2,152 

140°F  (60°C) 

max.  stress,  psi 

209 

205 

197 

206 

202 

strain  @  max.  stress, 

X 

17 

15 

14 

15 

17 

Modulus,  psl 

1,690 

1,894 

1,893 

1,902 

1,624 

Strain  rate  0.7407  in/in/min  JANNAF  DIECUT 


FIGURE  1 


EXTRUDED  COMPOSITE  GRAIN  PRODUCTION 


FIGURE  2 

EXTRUDED  CTBN 

5-INCH  DIAMETER  PROPELLANT  GRAIN 


PRESSURE  (PSD 


FIGURE  3A 

EXTRUDED  CARTRIDGE  LOADED  CTBN 
5-INCH  MOTOR  FIRING 


TOTAL  IMPULSE  2S30  LB-SEC  SPECIFIC  IMPULSE  235  SEC 


FIRING  TEMP.  -40°  F  (-4(TC> 


THRUST 


PRESSURE 


TIME  (SECONDS) 


FIGURE  3C 


EXTRUDED  CARTRIDGE  LOADED  CTBN 
5-INCH  MOTOR  FIRING 


FIRING  TEMP.  140°  F  (60°C)  TOTAL  IMPULSE  2696  LB-SEC  SPECIFIC  IMPULSE  241  SEC 


1.5 


TIME  (SECONDS) 


FIGURE  4B 


CAST  CARTRIDGE  LOADED  CTBN 
10-INCH  MOTOR  FIRING 


FIRING  TEMP.  MB’  F  1600  TOTAL  IMPULSE  26.285  LB-SEC  SPECIFIC  IMPULSE  242  SEC 


PRESSURE 


DISCUSSION 


K.KIager.  Aerojet,  Solid  Propulsion  Company 

In  your  Tables  6  and  7  you  show  a  propellant  formulation  A  which  appears  to  show  a  deterioration  in  strain 
capability  from  25%  to  16%  over  7  days.  What  are  your  comments  on  the  ageing  properties  of  these  propellants? 

Author's  Reply 

The  formulation  A  has  not  been  optimised  for  bonding  agent  content.  Subsequent  work  indicates  we  need  twice  as 
much  of  this  agent  to  stabilise  the  properties  of  this  formulation.  The  bonding  agent  is  a  tri-functional  epoxide 
which  has  a  tertiary  amine  group  in  the  molecule.  This  amine  group  forms  a  quaternary  ammonium  salt  with  the  AP 
crystal  surface  The  presence  of  plasticiser  such  as  in  formulation  B  Table  5  has  also  been  shown  to  lie  beneficial  in 
ageing  aspects. 


P.Spadetta.  SN1A  Viscosa 

What  types  of  inhibition  are  compatible  with  this  kind  of  propellant? 

Author's  Reply 

Di-functional  epoxides  bond  very  well  to  the  CTBN  propellant  grains,  for  example  an  KPON828/V40  system  Also 
the  Cl  BN  binder  with  inert  solid  fillers  has  been  used  with  fiberglass  cloth  incorporated  into  the  binder. 

I  nd  inhibition  has  been  achieved  using  a  laminate  of  Neoprene  and  silicone  foam  rubber  pads.  The  Neoprene  face 
is  bonded  to  the  propellant  with  epoxides. 


W.KIAhn,  ICT,  Ge 

Your  paper  refers  to  the  determination  of  the  glass  transition  temperature  of  the  CTBN  propellants.  Have  you  also 
determined  this  parameter  by  high  rate  tensile  testing  (i.e.  2  m/s),  which  may  be  of  more  relevance  in  practical 
applications? 

Author's  Reply 

No.  The  units  described  in  the  paper  were  for  cartridge  loaded  applications  and  we  were  not  considering  the  case- 
bonded  applications  here 


W.KIohn,  Ge 

Our  experience  with  such  propellants  with  16%  Nitrite  content  in  the  CTBN  gave  brittle  points  of  40°C  whilst 
Stood  elongations  of  50%  at  normal  ambient  temperature.  Your  propellant  showing  9%  elongation  at  normal 
ambient  would  surely  have  a  very  high  brittle  point  and  so  be  of  limited  use  in  case-bond  applications. 

Author's  Reply 

Your  nitrile  content  in  the  polymer  of  16%  is  very  high.  We  have  found  that  10%  is  the  maximum  for  good  low 
temperature  strain  capability  and  some  good  results  were  obtained  in  such  a  case  for  a  special  application.  In  the 
latter  case  the  CTBN  with  10%  nitrile  had  to  be  specially  produced  by  the  manufacturer.  Normally  we  use  CTBN 
of  nitrile  contents  of  18%'  and  28%. 
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THE  AGEING  BEHAVIOUR  OF  SOLID  ROCKET  PROPELLANTS 
REGARDING  THEIR  MECHANICAL  PROPERTIES 

D.  SCHMITT 


Institut  Kir  Chemie  der  Treib-  und  Explosivstoffe 
D-7507  Pfinztal-Berghausen,  der  Fraunhofer-Geselischaft 


SUMMARY 

Mechanical  properties,  such  as  (ensile  strength  and  deformation  properties  measured  under  identical 
test  conditions  as  a  function  of  storage  conditions,  characterize  the  ageing  process  and,  in  this 
way,  the  physico-mechanical  life  of  solid  rocket  propellants. 

During  ageing  strength  as  well  as  deformation  properties  of  double  base  solid  propellants  decrease. 
As  in  chemical  lifetime,  a  relation  can  be  established  between  the  ageing  time  and  the  temperature. 
With  increasing  time  composite  solid  propellants  lose  their  visco-elastic  properties,  i.e.,  their 
strength  increases  as  their  deformation  properties  decrease.  This  process  is  accelerated  with 
rising  temperature.  In  addition,  it  has  been  shown  that  the  condition  of  the  surface  of  the  pro¬ 
pellant  charge  has  an  influence  on  the  mechanical  behaviour. 

1.  Introduction 

Knowing  the  ageing  behaviour  and,  hence,  the  life  of  solid  propellants  is  of  great  interest  both  in 
technical  and  in  economic  respects.  The  present  life  expectancy  and  the  future  reliability  of  a 
solid  rocket  propellant  are  directly  related  to  the  state  of  the  ageing  process  at  a  given  moment. 
Ageing  processes  in  a  propellant,  in  turn,  depend  on  the  chemical  composition,  the  shape  of  the 
propellant,  the  surface-to-mass  ratio  (web  thickness),  and  on  environmental  conditions.  Basically, 
two  domains  must  be  considered:  the  chemical  life  and  the  physical  life.  These  two  domains  are 
interconnected  and  have  to  be  considered  together,  if  the  all-over  lifetime  is  to  be  discussed. 

2.  Storage  at  Elevated  Temperatures  and  Mechanical  Properties 

Characteristic  parameters  are  needed  to  describe  the  state  of  ageing  of  solid  propellants.  To  obtain 
information  at  short  notice  on  the  probable  lifetime,  the  studies  which  have  to  be  undertaken  must 
be  comparatively  short,  i.e.,  they  must  be  carried  out  under  enforced  or  accelerated  conditions. 
However,  such  studies  are  meaningful  only  if  they  allow  a  relation  to  be  found  between  natural  and 
accelerated  artificial  ageing.  To  establish  such  relations,  solid  propellant  samples  were  stored 
over  prolonged  periods  of  Ume,  i.e.,  in  the  temperature  range  between  20  °C  and  80  °C,  and  the 
results  obtained  at  various  temperature  levels  were  compared  and  extrapolated  to  the  service 
temperatures. 

Also  the  mechanical  properties  of  the  material  under  study  can  be  used  to  determine  the  state  of 
ageiw.  In  practice,  the  tensile  strength  and  the  strain  at  break  are  characteristic  parameters  used 
for  this  purpose,  both  obtained  from  the  stress-strain  diagram  of  uni-axial  tensile  tests.  To  prove 
changes  in  these  two  mechanical  properties  they  are  determined  before  and  after  temperature 
loading  under  the  following  uniform  test  conditions:  crosshead  rate  V  =  50  mm,  min,  test  tempera- 
.  .  ■»  -  ■  - .  . . - . —  .  . . ___ . . . . . 
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3.  Influence  of  Ageing  on  the  Mechanical  Properties  of  Double  Base  Solid  Propellants 

To  study  the  influence  of  ageing  on  the  mechanical  properties  of  double  base  solid  propellants, 
tensile  specimens  of  various  types  of  propellants  were  stored  at  temperatures  T  =  +50  °C,  +65  °C 
and  +80  °C  where  by  the  storage  time  decreased  as  the  temperature  increased.  Fig.  1  shows  the 
results  of  long  term  storage  at  65  °C  for  a  type  A  and  a  type  B  propellant.  Type  A  has  with 
4518  J/g  a  higher  heat  of  explosion  where  as  the  type  B  propellant  with  3584  J/g  has  a  lower  heat 
of  explosion.  The  mechanical  properties  were  determined  at  intervals  of  two  months  over  a  total 
storage  time  of  24  months.  Plotted  over  the  storage  time  we  see  the  tensile  strength  and  the  strain 
at  break,  relative  to  their  values  at  the  start  of  the  test  (the  so-called  zero  values).  The  diagram 
is  a  typical  representation  of  the  behaviour  of  double  base  solid  propellants.  The  mechanical  pro¬ 
perties  change  significantly  already  after  the  first  few  months  of  storage.  Although  the  absolute 
values  vary  with  propellant  type,  the  same  trends  in  the  mechanical  behaviour  are  observed:  At  first, 
both  the  tensile  strength  and  the  breaking  strain  decrease  rapidly  with  storage  time.  Later,  between 
the  sixth  and  the  fifteenth  month  they  level  off.  The  final  value  is  only  between  60  %  and  20  %  of 
the  initial  value  and,  in  some  cases,  may  even  drop  to  zero. 

At  the  two  other  storage  temperatures  similar  changes  in  mechanical  properties  were  found 
provided  that  different  timescales  are  taken  into  account.  The  total  storage  time  at  80  °C  was 
three  months,  the  samples  were  examined  at  weekly  intervals.  At  50  °C  storage  temperature  the 
studies  extended  over  a  period  of  six  years;  samples  were  taken  every  six  months. 

A  relation  can  be  established  between  the  results  obtained  for  storage  at  different  temperatures, 
which  permits  the  extrapolation  to  the  service  temperatures.  For  this  purpose  the  propellant  was 
arbitrarily  assumed  to  have  satisfactory  mechanical  properties  as  long  as  the  tensile  strength  and 
the  breaking  strain,  were  above  80  %  of  the  initial  values.  The  propellant  was  defined  to  have 
reached  the  end  of  its  mechanical  life,  when  either  mechanical  parameter  dropped  below  this  level. 
Depending  on  the  use  and  the  requirements  of  the  propellant,  that  limit  may  be  shifted  upwards  or 
downwards. 

In  Fig.  2  the  storage  temperatures  are  plotted  against  the  logarithm  of  the  time  where  both  the 
tensile  strength  and  the  strain  at  break  drop  below  the  80  %  level.  This  points  fall  on  a  straight 
line  which  can  be  extrapolated  to  the  service  temperatures. 

This  representation  of  the  results  is  analogous  to  that  employed  to  determine  the  chemical  life.  An 
example  for  that  is  given  Fig.  3. 

Extrapolation  to  temperatures  below  30  °C  leads  to  extremely  long  mechanical  lifetimes  of  double 
base  solid  propellants.  However,  these  mechanical  lifetimes  are  valid  only  if  the  propellant  is 
stored  constantly  at  this  particular  temperature,  without  any  change,  and  is  not  subject  to  any 
other  environmental  effects.  Since  this  is  unlikely  to  apply  in  practice,  corresponding  allowances 
must  be  made.  Any  environmental  load  like  transport  or  change  of  temperature  alters  the  progress 
of  ageing  and,  by  this  way,  the  lifetime. 

4.  Influence  of  Ageing  on  the  Mechanical  Properties  of  a  Composite  Solid  Propellant 

In  composite  solid  propellants  special  attention  must  be  paid  to  physical  ageing.  In  contrast  to 
double  base  solid  propellants,  they  exhibit  only  insignificant  chemical  ageing  phenomena.  A  few 
examples  will  show  how  storage  at  elevated  temperatures,  and  constant  loads  at  various  tempera¬ 
tures,  affect  the  mechanical  properties  of  various  composite  propellants. 
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For  this  purpose,  tensile  specimens  were  stored  in  a  dry  atmosphere  for  up  to  eight  weeks  at 
temperatures  between  T  =  +20  °C  and  +80  °C  and  examined  for  their  mechanical  properties.  The 
observed  trends  are  straight  forward:  with  increasing  storage  time  and  rising  temperature  the 
tensile  strength  increases,  whereas  the  breaking  strain  decreases.  Fig.  4  shows  that  large 
changes  may  be  observed  like  a  factor  of  3  for  strength  and  a  factor  of  0.2  for  strain.  This  dia¬ 
gram  is  a  plot  of  the  relative  tensile  strength  and  the  relative  strain  at  break  over  storage  time. 
The  storage  temperature  was  chosen  as  parameter.  With  increasing  time,  i.e.,  with  progressing 
age,  the  material  continues  to  cure;  this  process  is  accelerated  at  elevated  temperatures.  Corres¬ 
ponding  observations  are  made  if  the  material  embrittles. 

Ageing  of  composite  propellants  under  the  influence  of  temperature  is  also  a  function  of  the  size 
and  shape  of  the  material.  The  results  described  above  were  obtained  during  temperature  storage 
of  tensile  test  specimens,  i.e.,  in  samples  of  relatively  low  thickness.  They  allow  the  ageing 
process  to  occur  much  faster  than  in  propellant  blocks  of  greater  thickness.  In  samples  of  greater 
thickness  the  ageing  phenomena  occuring  in  the  outer  layers  are  similar  to  those  encountered  in 
the  tensile  test  specimens.  In  contrast  no  profound  changes  in  the  mechanical  properties  are 
observed  in  the  center  of  the  block  even  at  higher  temperatures  and  prolonged  storage  periods. 

This  is  evident  from  Fig.  5  in  which  the  values  of  the  relative  tensile  strength  and  the  relative 
breaking  strain  are  plotted  against  the  thickness  of  the  layer.  Thus  ageing  is  found  to  proceed  more 
slowly  when  going  from  the  outer  layer  to  the  center  of  the  block.  However,  the  surface  properties 
play  a  decisive  role  during  mechanical  loading  of  the  propellant.  If  a  crack  is  produced  on  the 
surface  by  an  external  load  such  as  the  pressure  buildup  during  firing,  this  crack  will  propagate 
to  the  interior,  irrespective  of  the  prevailing  mechanical  conditions  in  the  interior  of  the  propellant 
charge. 

As  a  consequence,  special  attention  must  be  paid  to  surface  ageing  and  its  influence  on  lifetime. 
This  aspect  is  most  important  in  connection  with  the  ageing  of  composite  propellants  because  it  is 
connected  with  embrittlement  phenomena  in  the  material.  Moreover,  changing  mechanical  properties 
from  the  outside  to  the  inside  may  cause  cracking  as  a  result  of  the  increased  occurrence  of 
internal  stresses. 

In  a  number  of  test  series  composite  propellants  were  examined  with  regard  to  their  creep 
behaviour  under  uni-axial  steady  state  tensile  stresses.  Fig.  6  shows  the  change  in  strain  versus 
time  with  the  temperature  as  a  parameter  under  constant  stress  load  conditions.  The  main  results 
found  in  these  experiments  are  that  the  influence  of  temperature  dominates  and  that  it  causes 
embrittlement  of  the  material.  The  influence  of  the  temperature  cancels  out  the  influence  of  the 
constant  load  and,  with  increasing  time,  a  reversal  change  in  strain  results  like  the  one  at 
T  =  20  °C. 

5.  Conclusions 

It  is  possible  to  simulate  the  ageing  behaviour  of  solid  propellants.  For  this  purpose,  propellant 
samples  are  aged  at  elevated  temperatures.  For  double  base  solid  propellants  it  is  possible  to 
establish  a  relation  between  the  time  and  the  temperature  with  respect  to  mechanical  properties. 

The  relation  allows  to  extrapolate  the  results  obtained  at  elevated  temperatures  to  service  tempera¬ 
tures. 
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In  composite  propellants  agoing  results  in  a  change  of  the  visco-elastic  prop«>rtles  which  manifests 
Itself  like  the  embrittlement  of  a  material:  strength  Increases  as  deformation  pro|M'rtles  decrease. 
This  change  In  mechanical  properties  decreases  from  the  outside  to  the  Inside.  However,  since  the 
surface  condition  determines  the  mechanical  behaviour  of  the  material,  particular  attention  must  lie 
given  to  surface  ageing. 


3  Autocatalysis  of  propellants  with  different  stabilizers 


Fig.  6  Creep  behaviour  of  a  composite  propellant 


DISCUSSION 

P.  Spade  tta,  SN1A  Viscosa 

Were  the  specimens  of  double  base  propellant  stored  in  open  conditions  or  simulating  rocket  motors?  This  could 
influence  the  change  of  mechanical  properties  with  thickness  of  the  specimens. 

Author's  Reply 

The  double  base  propellant  specimens  were  stored  in  closed  vessels.  We  found  loss  of  nitroglycerine  and  plasticiser 
from  the  specimens. 


Mr  Lanteri-Minet,  STPF 

In  what  atmosphere:  e.g.  inert  (like  nitrogen)  or  oxydant  (air)  did  you  conduct  the  ageing  test  giving  the  result  of 
curve  number  5?  If  it  is  air,  the  cross  linking  due  to  the  oxydation  of  unsaturated  bonds  of  polybutadienne  would 
explain  the  results.  The  increased  tensile  strength  and  decrease  of  elongation  are  more  important  close  to  the  surface 
when  exposed  to  air. 

Author's  Reply 

The  composite  propellant  specimens  were  stored  in  both  air  and  inert  gas  with  the  same  trends  found.  However  the 
increase  in  strength  and  decrease  in  elongation  were  at  a  slower  rate  in  an  inert  atmosphere. 


K.KIager.  Aerojet.  Solid  Propulsion  Company 

Did  you  take  humidity  into  account  in  your  ageing  tests? 


Author's  Reply 

The  influence  of  humidity  was  not  examined.  During  the  total  storage  period  the  relative  humidity  was  less  than 

5%. 
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Depuis  une  vingtaine  d'annees  on  utilise  couramroent  dans  les  propulseurs  d'engins  tactiques 
des  propergols  double-base  rooules.  Ces  propergols  ont  un  module  d'elasticite  eleve  et  un  comportement 
vitreux  en  temperature  et  des  performances  balistiques  :  densite  et  impulsion  sp^cifique  limitees. 

Pour  augmenter  les  performances  des  propergols  sans  fumee  il  etait  done  necessaire  : 

-  d'augmenter  lours  performances  balistiques, 

-  de  modifier  les  proprietes  mecaniques  de  fa<;on  A  leur  conferer  un  comportement  eiastique  dans  un  large 
domaine  de  temperature.  Le  propergol  se  prete  alors  a  des  chargements  moules-col les  qui  permettent  un 
coefficient  de  remplissage  plus  eleve  du  propulseur. 

Ce  but  a  ete  atteint  par  la  mise  au  point  de  propergols  charges  aux  nitramines  (hexogene  ou  octogene) 
dont  le  liant  est  energetique  et  reticule. 

Dans  cetCe  communication  on  expose  des  resultats  fondamentaux  sur  1' influence  de  1 'octogene 
ou  de  l 'hexogene  ainsi  quo  l'effet  du  taux  de  plastifiant  energetique  et  de  la  reticulation  sur  les 
caracteristiques  thermodynair.iqu^s ,  ciaetiques  et  mecaniques  du  propergol.  line  comparaison  est  effectuee 
avec  les  proprietes  des  propergols  composites  A  liant  hydrocarbone  et  octogene.  On  presente  ensuite 
quelques  caracteristiques  des  propergols  mis  au  point  A  la  suite  de  ces  etudes  et  degage  des  perspectives 
d'ameliorations  ulterieures. 


I.  INTRODUCTION 


Depuis  une  vingtaine  d'annees  on  utilise  des  propergols  sans  fumee  dans  les  chargements  de 
missiles  tactiques,  part iculierement  pour  des  missions  oil  la  fumee  apporte  soit  une  gene  pour  le  guidage 
depuis  le  poste  de  tir  soit  un  risque  de  reperage  du  poste  de  tir  ou  du  missile  ("discretion").  Ces 
propergols  sont  generalement  des  propergols  double-base  extrudes  ou  double-base  monies.  Dans  les  deux 
cas,  me  me  si  le  procede  de  fabrication  tres  different  induit  certaines  differences  de  proprietes  on 
retrouve  des  caracteristiques  communes. 

Du  point  de  vue  composition  il  s'agit  d'un  melange  de  nitrocellulose  et  de  plastifiants  energe- 
tiques  (presque  toujours  la  nitroglycerine)  ou  inertes  dans  lequel  sont  intimement  disperses  des  stabili- 
sants  et  des  modi f icateurs  balistiques.  L'homogen6it£  du  melange  ni trocel lulose-plasti f iant  est  obtenue 
par  un  ensemble  de  processus  chimiques  de  solvatation  caracteris^  globaleroent  par  le  terme  de  "g£latini- 
sation". 


Les  proprietes  balistiques  de  ces  produits  sont  limitees  :  la  masse  specifique  depasse  diffi- 
cilement  1,60  et  1* impulsion  specifique  calculee  (detente  en  equilibre  70  bars/I  bar)  240  secondes  pour 
les  double-base  moulds. 

Ces  materiaux  ont  un  module  eiastique  £leve  .1  temperature  arobiante  et  A  froid  et  un  comportement 
vitreux  aux  basses  temperatures,  c'est-A-dire  en  particulier  une  capacity  d ' al longement  tres  faible  et  un 
comportement  non  lin4aire.  Leur  utilisation  privilegiee  est  done  celle  de  blocs  libres  oil  leur  module 
eleve  permet  de  bien  supporter  la  mise  en  pression  d’allumage  (ainsi  d'ailleurs  que  les  accelerations 
elevees).  Leur  utilisation  en  chargements  moules-col les  A  coefficient  de  remplissage  interessant  n'est 
possible  que  par  le  biais  de  dispositifs  complexes  permettant  de  soulager  les  contraintes  A  froid. 

On  constate  que  ces  produits  ont  par  rapport  aux  propergols  composites  A  liant  polybutadi^ne 
developpes  depuis  une  vingtaine  d'annees  des  proprietes  mecaniques  et  energetiques  tres  inferieures.  11 
etait  done  necessaire  d'ameliorer  ces  proprietes  en  gardant  le  caraetdre  "sans  fumee".  Il  convient 
cependant  de  conserver  au  maximum  deux  qualites  importantes  des  propergols  double-base  traditionnels  : 
une  fabrication  "rustique"  conduisant  A  des  couts  relativement  faibles  en  serie  et  des  proprietes  cine- 
tiques  interessantes  pour  le  fonctionnement  tous  temps  :  coefficient  de  temperature  minime  et  exposant 
de  pression  tr£s  faible  grace  A  1 ' ut il i sat  ion  de  modi f icateurs  balistiques  appropries. 

Object ifs  du  programme 

Depuis  plusieurs  annees,  sous  l'egide  du  STPE  (Service  Technique  des  Poudres  et  F.xplosifs) 
la  SNPE  a  mis  en  oeuvre  un  programme  de  recherche  selection  et  devcloppement  de  propergols  sans  fumee 
pour  chargements  mouies  A  performances  energetiques  et  mecaniques  ameliorees  pour  deux  grands  types 
d'application  : 


-  chargements  libres,  surtout  en  combustion  frontale, 

-  chargements  mouies-col les . 


Moyens  d'atteindre  les  object  if s 

1.  Augment a£ion_de  l'energie 

Dans  le  but  d ' augment er  l'energie  du  propergol  deux  actions  ont  ete  retenues  :  1 ' ut i 1 i sat  ion 
do  composes  energetiques  solides  de  densite  elevee,  1 ’ augment  at  ion  des  taux  de  plastifiants  energet iques , 
si  l'on  utilise  le  liant  double-base. 

Les  composes  energet iques  nouveaux  doivent  etre  organ iques  pour  eonduire  dans  la  combustion 
A  une  formation  minimale  d'especes  condensees  ou  recondensables  responsables  de  fumees.  Deux  corps  ont 
principalement  ete  retenus  apres  une  preetude,  comme  dans  les  autres  pays  :  i'hexogene  (RDX)  et  l'octo- 
gene  (HMX) .  Ces  nitramines  ont  en  effet  une  masse  specifique  et  une  enthalpie  de  formation  int£ressantes 
ainsi  qu'une  stability  chimique  et  une  compat ibi 1 ite  tres  sat isfaisantes  vis-a-vis  des  "ingredients" 
utilises  couramment  dans  les  propergols  solides.  Par  contre  du  fait  de  leur  balance  en  oxygene  nulle 
on  les  emploie  au  mieux  avec  des  systemes  de  liants  relativement  oxygene s  particul ierement  du  type 
nitrocellulose-plastifiant  nitre  ou  nitrate.  L' incorporat ion  de  nitramines  dans  des  liants  tres  peu 
oxygenes  tels  que  les  liants  polybutadienesne  conduit  du  point  de  vue  thermodynamique  a  des  performances 
interessantes  que  pour  des  taux  de  ce  liant  faibles  ou  pour  des  nitramines  plus  oxyg#nees  que  I'hexogene 
ou  I'octogene.  On  trouvera  A  la  figure  I  une  illustration  de  1 'influence  de  1 'oxygenat ion  du  systeme 
1 i ant -compose  energet ique  sur  1' impulsion  specifique  pour  deux  liants  et  deux  nitramines  typiques  : 

-  un  liant  peu  oxygene  :  polybutadiene 

-  un  liant  relativement  oxygene  :  polyester 

-  une  nitramine  peu  oxygenee  :  octogene  ou  tetramethy lene  to t rani tramine 

-  une  nitramine  oxygenee  :  tetranitroglycoluryle  (ce  dernier  compose  est  decrit  dans  le 
brevet  de  la  reference  (l)). 

I -a  performance  roaximale  est  obtenue  : 

-  soit  avec  les  systemes  A  I'octogene  A  taux  de  liant  tres  faible  (plus  faible  avec  polybutadiene 
qu'avec  polyester)  di f f ic i lement  accessibles  dans  l'etat  actuel  de  la  technique, 

-  soit  avec  des  systemes  relativement  oxygenes  dans  la  zone  plus  accessible  de  88  a  90  7.  de  taux  de 
charge  massique  (la  masse  specifique  de  I'octogene  est  de  1,90,  celle  du  tetranitroglycoluryle  de  1,98) 
par  des  couples  octogene-1 iant  polyester  ou  polybutadiene-tetrani troglycoluryle . 

2.  ^di£i£af  i£n„des  pro£r  i^tes  mecanic^ues 

Pour  1 'ut i l isat ion  en  bloc  libre  on  recherche  souvent  des  modules  elast iques  sieves,  et 
I’emploi  du  liant  double-base  classique  ou  de  liants  de  propergols  composites  se  prete  a  ces  applications. 
Pour  1 ' ut i 1 isat ion  en  chargement  moule-coliy  il  convient  avant  tout  d'augmenter  les  allongements  A  basse 
temperature  et  ceci  suppose  l'emploi  de  liants  elastiques  A  froid.  La  tenue  A  chaud  sera  alors  obtenue 
par  une  reticulation  du  polymere  cmpechant  son  fluage.  Si  la  densite  de  pontage  n'est  pas  trop  elevee 
elle  modifiera  peu  les  propri^tes  d 'al longement  A  froid.  On  utilisera  done  les  liants  de  propergols 
composites  ou  on  modifiera  les  liants  double-base  pour  les  rendre  elastiques  3  basse  temperature. 

Plan  de  la  recherche 


Compte-tenu  de  1 'analyse  precedente  nous  avons  decide  de  porter  notre  effort  dans  un  premier 
temps  sur  I'utilisation  de  nitramines  relativement  classiques  :  hexogene  ou  octogene  et  de  liants  de 
propergols  composites  classiques  ou  de  liants  double-base  modifies  pour  developper  une  premiere  generation 
de  propergols.  Ulter ieurement  des  nitramines  plus  nouvelles  tel les  que  le  tetranitroglycoluryle  peuvent , 
comne  nous  l 'avons  vu,  etre  envisagees,  seules  celles-ci  permettant  d'esp^rer  serieusement  concurrencer 
les  liants  energetiques  avec  des  liants  du  type  hydrocarbon^.  Compte-tenu  des  difficultes  de  developpement 
d'une  raatiere  premiere  nouvelle  il  convient  de  toutes  fa<;ons  d'abord  de  bien  cerner  les  possibilites  et 
les  limites  des  nitramines  bien  connues.  Nous  examinerons  done  successivement  les  performances  thermo- 
dvnamiques  et  les  caracterist iques  cinet iques  et  mecaniques  des  propergols  A  I'hexogene  ou  A  I'octogene, 
soit  de  type  composite,  soit  de  type  double-base  composite. 

Les  deux  systemes  etudies  :  composite  ou  double-base  composite  pr^sentent  la  particularity 
que  1' impulsion  spycifique  et  la  masse  specifique  augmentent  regul ierement  avec  le  taux  d'oetogene  ou 
d'hexogene.  Nous  nous  bornerons  done  A  examiner  les  r^sultats  de  calculs  d'impulsion  specifique  volumique 
Isp  x£.  1/ impulsion  specifique  est  calcul^e  A  l'aide  d'un  programme  analogue  au  programme  NASA  LFVIS 
SP  273  de  Mac  Bride  et  Cordon  pour  une  detente  en  equi libre  70  bars  A  I  bar.  Bien  que  ce  programme  ne 
soit  pas  exempt  de  toute  imperfection  il  a  le  merite  d'etre  utilise  couramment  dans  divers  pays  -a  notre 
connaissance  au  moins  les  USA  et  la  RFA-  ce  qui  permet  des  comparaisons  aisees.  Par  ailleurs  1'intlret 
de  comparer  des  performances  theor iques  est  de  s'abstraire  des  conditions  de  mesure  standard  tres 
variables  selon  les  pays.  Knfin  nos  comparaisons  ont  essentiel lement  un  hut  de  classement  relatif  des 
diverses  solutions. 

Les  figures  2  et  3  nous  indiquent  les  resultata  de  calcul  pour  les  systemes  consid^r^s.  Les 
performances  reel lement  accessibles  ne  peuvent  etre  cerises  que  par  la  considyrat ion  des  limites  techno- 
logiques  du  procydy  de  fabrication  du  point  de  vue  taux  de  charge  massique. 
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FIGURE  I  :  INFLUENCE  DU  TAUX  DE  CHARGE 
SUR  L’ IMPULSION  SPECIFIQUF. 
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FIGURE  2  :  IMPULSION  VOLUMIQUF,  F.N  FONCTION  DU  TAUX  DF.  CHARGES  (HMX) 
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FIGURE  3  I  IMPULSION  VOLUMIQUE  EN  FONCTION  DU  TAUX  DF.  CHARGES  (HMX) 
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Sur  la  base  d'etudes  experimentales  nous  avons  retenu  une  limite  de  90  7.  en  liant  polybutadiene  et 
de  86  %  en  liant  polyester  pour  la  possihilite  de  couler  un  propergol  composite  a  l'octogene. 

Pour  le  propergol  double-base  composite  deux  procedes  de  fabrication  sont  utilises  (voir  figure  4). 

Pour  le  proeede  E  (casting  powder  process)  dans  lequel  toutes  les  charges  sont  introduites  au  prealable 
dans  une  poudre  3  mouler  ce  qui  limite  fortement  le  taux  de  charge  accessible,  nous  avons  retenu  la 
limite  de  50  X  pour  le  propergol  termine.  Pour  le  proeede  C  (slurry  process)  analogue  a  celui  des  com¬ 
posites  ou  la  limite  de  faisabilite  est  liee  a  la  viscosite  des  pates  ohtenues  nous  avons  pu  atteindre 
80  T.  Dans  ces  conditions  la  figure  5  resume  les  possibilites  des  diverses  solutions.  On  constate  que 
la  solution  cong>osite  et  la  solution  F.  conduisent  a  des  performances  voisines.  Par  contre  la  double¬ 
base  composite  G  laisse  esperer  des  niveaux  de  performances  beaucoup  plus  importants. 

Remarque  :  Pour  des  impulsions  specifiques  pas  trop  elevfes,  le  systeme  polybutadiene-octogene  conduit 
cependant  a  des  temperatures  de  chatribre  plus  faibles  que  le  liant  double-base,  ce  qui  le  rend  attractif 
pour  des  applications  de  g£nerateur  de  gar. 
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1 .  PREPARATION  DE  LA  POUDRE  A  MOULER 
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FIGURE  5  :  PERFORMANCES  THF.ORTOUF.S  ACCESSIBLES  'impulsion  volumique' 

COMPARAISON  PROPERCOLS  COMPOSITES  -  PROPERCOLS  DOUBLE-BASE  COMPOSITES 
3.  CARACTERISTI^UES  CINETiqUES 

I .  Propergols  conposites 

La  figure  6  represente  1 'evolution  de  la  vitesse  de  combustion  en  fonction  de  la  pression 
pour  un  propergol  a  liant  polybutadiene  et  une  seule  granulometrie  d'octogene,  sans  aucun  modificateur 
balistique.  On  retrouve  un  coraportement  mis  en  evidence  par  de  norobreux  auteurs  dont  le  premier  A  notre 
connaissance  fut  Zimmer-Caller  (2)  :  la  vitesse  de  combustion  aux  pressions  moyennes  est  faible.  A  une 
pression  d'autant  plus  basse  que  la  granulometrie  de  l'octogene  est  elevee  on  assiste  A  une  modification 
du  mecanisme  de  combustion  generalement  attribute  A  un  chargement  d'etat  de  surface  du  propergol  en 
combustion.  A  basse  pression  la  surface  est  en  fusion,  alors  qu'A  haute  pression  la  nitramine  brule 
plus  vite  que  le  liant  "inactif",  formant  une  surface  "craterisee"  (3).  L'exposant  de  pression  voisin 
de  0,7  A  basse  pression  passe  ensuite  A  des  valeurs  superieures  A  I.  Pour  un  propergol  formule  avec 
plusieurs  granulometries  la  zone  de  transition  devient  continue  (figure  7)  et  aux  taux  de  charge  de  86  1 
un  fonctionnement  correct  en  propulseur  ne  peut  etre  obtenu  au-dessous  de  100  bars  dans  le  cas  presente. 
II  est  toutefois  possible  de  modifier  un  peu  la  forme  de  la  courbe  au-dessous  de  100  bars  par  des 
additifs  sans  que  nous  ayons  reussi  A  obtenir  une  veritable  "platonisation"  (figure  7). 


FIGURE  6  :  INFLUENCE  DE  LA  GRANULOMETRIE  DE  LA  CHARGF 
(une  seule  granulometrie) 


FIGURE  7  :  MODIFICATION  DE  lA  1.01  V(P)  INCORPORATION  DF.  CATAI.VSEURS 


2.  Propergols  double-base  composites 

Par  rapport  au  liant  double-base  pur  sans  additif,  l’effet  general  de  1 ' introduct ion  d'hexogone 
ou  d'octogene  est  une  diminution  de  la  vitesse  de  combustion  croissante  avec  le  taux  de  charge.  L’exposant 
de  pression  est  peu  modifie.  il  reste  compris  entre  0,b  et  0,R  ,  le  coefficient  de  temperature  est  diminuf. 
Dans  la  zone  des  pressions  inferieures  9  300  bars  1' influence  de  la  granulometrie  n'est  pas  significative 
et  la  discontinuity  observSe  avec  le  liant  hydrocarbone  n'apparait  pas. 

II  semhle  ici  que  les  caracterist iques  de  combustion  du  liant  soient  prfponderantes ,  du  noins 
pour  des  taux  de  charge  moderns.  II  est  alors  interessant  de  verifier  si  certains  des  raodif icateurs 
balistiques  utilises  pour  platoniser  les  propergols  double-base  (sels  de  plomb,  de  cuivre,  complexes,  etc...) 
restent  efficaces.  C'est  ce  que  confirment  les  resultats  de  la  figure  8.  On  a  v#rifie  par  ailleurs  que 
pour  un  taux  de  charge  donne  il  est  possible  de  regler  largement  le  niveau  de  vitesse  de  combustion  au 
plateau.  F.nfin  l'effet  benSfique  de  la  presence  de  nitramine  se  retrouve  sur  le  coefficient  de  temperature 
9  divers  serrages  (figure  9).  Ces  resultats  sont  relativement  nouveaux.  F.n  effet  la  litterature  mentionne 
pour  ce  domaine  de  pression  : 

-  soit  la  disparition  du  plateau  de  la  composition  double-base  initiale  vers  27  X  d’octogene  avec  des 
modificateurs  de  combustion  du  type  stdarate  ou  salycilate  de  plomb  ou  de  cuivre  (4), 

-  soit  des  exposants  de  pression  au  minimum  de  0,45  avec  des  sels  du  meme  type  et  40  7  d'octogene  mais 
avec  en  plus  un  polyurethanne  renforqant  dans  le  liant  et  de  I'aluminium  (5). 

En  conclusion,  du  point  de  vue  cinetique,  les  propergols  9  liant  double-base  conservent  dans 
le  domaine  de  taux  de  charge  evalud  (jusqu'9  50  X)  le  comportement  tr?s  interessant  des  double-base 
classiques  :  possibility  de  platonisation,  reglage  facile,  coefficients  de  temperature  r£duits.  Par 
contre  les  propergols  9  liant  hydrocarbone  presentent  un  comportement  complexe,  peu  commode  pour  l'utili- 
sateur. 


FIGURE  o  :  EVOLUTION  OES  COEFFICIENTS  OF  TEMPERATURE 
EN  FUNCTION  DU  SFRRAGF  A  DIFFFRFNTS  TAl'X  DF  CHARGES 


4.  PRopjuETEs^MECANiguEs 


1 .  Propergol  composite 

La  figure  10  presente  une  courbe  de  t ract ion-a 1 longement  pour  un  propergol  polybutadiene- 
octogene.  On  retrouve  un  comportement  classique  de  propergol  composite  avec  de  bons  allongements  a 
froid,  typiques  de  ce  genre  de  liant. 

2.  Propergol  double  base  composite 
a)  Influence  de_lai  charge 

L' introduction  de  la  charge  a  globalement  pour  effet  de  deteriorer  les  proprietes  mecaniques 
du  liant  double-base  et  ceci  en  particulier  par  l’apparition  de  phenomenes  de  decohesion  entre  la  charge 
et  le  liant  iors  de  la  traction.  C'est  ce  qu’illustre  la  figure  II  pour  un  propergol  tractionne  a  20° 
sur  un  dilatometre  a  gaz  de  type  Farris.  Les  courbes  representent  la  variation  de  volume  en  traction 
de  1 'eprouvette,  liee  a  cette  decohesion.  On  constate  par  ailleurs  que  celle-ci  est  plus  grande  pour 
le  propergol  a  l'octogene  que  pour  le  propergol  au  perchlorate  d'ammonium,  bien  que  les  liants  soient 
identiques  et  les  granulometries  (moyennes)  egalement  identiques.  L'amel iorat ion  des  proprietes  mecaniques 
surtout  pour  les  taux  de  charge  tres  eleves  suppose  done  d  ameliorer  l'adhesion  liant-charge  de  ces 
syst ernes . 


FIGURE  10  :  PROPRIETES  MECANIQUES  D*UN  PROPERGOL  COMPOSITE  A  L’OCTOGENE 


b)  Prop*  lot  A*  A  banno  tempo rat  uro 

propergoln  double -hurt?  clanniquen  nont  on  general  vitroux  A  banno  temperature  of  one  done 
don  oapacitAn  d  'al  longomont  t  »  An  faiblon,  do  quolquon  pour  oontn  (figure  12).  In*  panne?.**  du  domain** 
caoutehont  ique  an  domains  vitroux  pout  of  to  roporf*  par  le  point  dr  (rannition  vitreuno  (Tg)  du  matcriau. 
l.a  figure  H  mont re  Involution  do  Tg  menurA  par  analy no  thormtquo  di t f Aront io llo  pour  deux  couple* 
uitroccl lulone-plant if iawt  enevgAt ique .  In*  faux  do  plantifiaut  utiltnA  dann  Ion  double-bane  clanniquen 
ont  infAriour  A  4S  ?  ot  Tg  ont  alorn  nupArieur  A  -  40*.  A  titro  do  comparainou,  Tg  pour  lo  lianf  poly- 
butadiAno  quo  noun  avonn  utilinA  on  componite  ont  voinin  do  -  80  *.  Aver  la  nitroglycerine  pat  oxomplo 
il  parait  nAoennairc  do  repounner  Tg  on-  denaoua  do  -  SO*  ee  qui  nuppono  un  taux  do  plantifiaut  nupAriour 
A  70  I.  l-a  figure  14  ilhintro  ol  foot  ivomont  I'effet  nur  Ion  al longomont n  A  -  40*  do  1 '  augment  at  i  on  du 
taux  do  plantifiaut  (melange  ni trogl  wAr ine-t  r iaof*t  ine)  dann  un  proporgol  non  reticule. 
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L'un  des  inconvenients  de  ces  caux  eleves  de  plastifiant  est  bien  entendu  la  chute  des  pro¬ 
priety  mecaniques  3  chaud.  La  figure  15  montre  ainsi  Involution  de  la  contrainte  3  allongement  maximum 
raesuree  a  60°  pour  des  taux  de  plastifiant  croissant.  Le  module  subit  une  evolution  tout  a  fait  parallele. 
Ceci  est  li£  a  la  diminution  des  interactions  entre  les  chaines  de  nitrocellulose  qui  conferaient  la 
cohesion  du  materiau.  II  est  possible  de  retrouver  une  cohesion  comme  dans  le  cas  des  propergols  composites 
en  utilisant  les  fonctions  hydroxyles  initiates  de  la  cellulose  non  esterifiees,  qui  restent  tres 
nombreuses . 

En  r£alite  toutes  les  fonctions  ne  sont  pas  accessibles  mais  il  suffirait  qu'en  moyenne  deux 
par  chatne  le  soient  pour  pouvoir  transformer  cet  ensemble  de  macromolecules  en  une  seule  macromolecule 
et  un  peu  plus  de  deux  pour  former  un  reseau  tridimensionnel .  Comne  il  y  a  nettement  plus  de  deux 
hydroxyles  disponibles  par  chatne,  la  reaction  avec  un  diisocyanate  devrait  conduire  a  un  optimum  de 
propri£tes  mecaniques  pour  un  rapport  fonction  isocyanate/fonctions  hydroxyles  de  la  nitrocellulose 
nettement  inferieur  3  I. 


FIGURE  14  :  INFLUENCE  DU  TAUX  DE  PLASTIFIANT  SUR  LES  NIVEAUX  D ' ALLONGEMENTS  EN  TRACTION  A  -  40°C 
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FIGURE  15  :  INFLUENCE  DU  TAUX  DE  PLASTIFIANT  SUR  LA  CONTRAINTF.  MAXIMUM  EN  TRACTION  A  ♦  60°C 
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La  figure  16  represente  dans  un  diagramme  Sin,  em  pour  diverses  teneurs  en  plastifiant 
energetiques  V'effet  tres  important  de  la  reticulation  sur  les  proprietes  mecaniques  du  liant  double-base. 
Naturel lement  dans  ces  sy stones  la  reaction  de  reticulation  est  un  processus  beaucoun  plus  complexe  que 
dans  les  polymdres  classiques  car  il  y  a  simu  1 1. moment  gonflement  et  p.e  1  at  i  ni  sat  i  on  de  la  nitrocellulose 
par  le  plastifiant  et  diffusion  de  1' isocyanate  et  reaction  de  celui-ci  dans  les  parties  gonfiees  plus 
"mobiles".  Cette  reticulation  peut  etre  effectuee  tant  dans  le  procdde  C  que  dans  le  precede  F.  l'isocyanate 
etant  alors  gdndralement  introduit  en  solution  dans  le  solvant  de  moulage. 


FIGURE  16  :  INFLUENCE  DE  LA  RETICULATION  PAR  ISOCYANATE  SUR  LES  PROPRIF.TF.S  MF.CAN IQUES 
EN  TRACTION  A  20°  DE  LIANTS  DOUBLE-BASE 


5.  APPLICATION 


Nous  illustrerons  1 'application  de  ces  diverses  considerations  au  rdglage  des  proprietes 
mecaniques  sur  un  propergol  contenant  35  7  d'hexogene  et  dont  la  masse  spdcifique  et  l'impulsion  spdci- 
fique  varieront  ldgerement  autour  de  1,65  et  245  s  en  fonction  de  la  composition  du  liant  (taux  de 
nitroglycerine,  de  rdt iculant . . . ) .  Le  propergol  de  reference  a  un  domaine  de  vitesse  utilisable  de  7  A 
15  mm/s  entre  50  et  120  bars  et  un  coefficient  de  temperature  qui  varie  de  0,02  A  0,2  7  par  degre  Celsius 
lorsque  le  serrage  K  varie  de  300  A  400. 

I.  Composition  pour  blocs  libres  (properRol  de  reference).  Proprietes  mecaniques  A  20  °C 
Sm  "  25  bars  £  ■  25  7.  em  •  60  7~  er  ■  70  7 


2.  Compositions  pour  blocs  moulds-col 16s 


2 1 .  Composition  non  r6£icuice  iproc6de_E2 


-40*C 

20*C 

60°C 

Sm  (bars) 

160 

15 

3,5 

*  (7) 

7 

57 

39 

em  ( 7 ) 

13 

87 

59 

er  (X) 

13 

91 

63 

22.  Composition  r  6 1 i cuide  iprocddd  E) 


-40°C 

20"C 

60*C 

Sm  (bars) 

70 

12 

5 

£  (7) 

12 

50 

60 

em  (7) 

30 

too 

90 

er  (*) 

30 

110 

100 

23.  Composition  £®t  iculdi;  ( pro  redo  G) 


-  40*C 

20*C 

60"C 

Sm  (bars) 

50 

10 

6 

«.  00 

15 

90 

100 

em  (7) 

45 

1  10 

120 

er  (7.) 

45 

115 

130 

CONCLUSION 


La  recherche  de  propergols  sans  fumdc  amdliords  dehouche  sur  une  premiere  generation  utilisant 
de  l'hexogdne  conrne  charge.  Les  Hants  dnergetiques  nitroplastifies,  paraissent  conduire  avec  ces  nitramines 
A  des  propergols  plus  intdressants  que  les  Hants  hyiirocarbonds  car  les  performances  halistiques  sont 
obtenues  pour  des  taux  de  Hants  correspondent  A  une  meilleure  faisabilitd  et  de  meilleures  propridtds 
mecaniques  du  propergol  final.  lorsqu'on  conserve  le  systdme  nitrocel lulose-ni troglycdrine  cosine  base 
du  liant  it  est  possible  jusqu'A  au  moins  50  7  de  nitramine  de  conserver  un  mdcanisme  de  combustion 
du  type  double-base  avec  des  exposnnts  de  pression  et  des  coefficients  de  temperature  trds  favorables. 

Enfin  les  proprietes  mdcaniques  des  double-base  moulds  classiques  peuvent  etre  considdrablement  amcliordes 
par  une  plus  grande  plastification  et  une  reticulation  du  liant  les  rendant  aptes  A  des  utilisations 
en  chargement  moule-colle  dans  un  large  domaine  de  temperature. 
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DISCUSSION 

W.H.KIdhn.  ICT,  Ge 

Your  paper  referred  to  two  smokeless  double  base  propellants  namelv  Tvi»  F 

and  Type  G  the  slurry  process.  What  form  did  the  nitrocellulose  take  in  ^^0“^?  CaSt'ng  P°Wder  Pr°CeSS 
Author’s  Reply 

secondly  nitrocellulose  of  low  DP  directly  direolred  in  the  nitric  tw  pScta!”  °""°wh"'s  “  “  *"d 

W.H.KIdhn,  Ge 

l!^.^  «*—  -  *  nilratnine  filled  double  here 

Author’s  Reply 

dispersion  of  the  ntodlfere  with tJS  ,  £n2lS  Z  ‘°°d  for  Pfliculrely  the 

compare.  do  not  think  the  new  processes  such  as  fluid  balls,  polymer  mix  etc.  can 


W.H.KIOhn,  Ge 

IS  X“"  *“  m't,M  I"**™’  W«  hinder  wes  ured  fo, 

Author’s  Reply 
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SOME  PROBLEMS  OF  NONLINEAR  WAVES  IN 


SOLID  PROPELLANT  ROCKET  MOTORS 


F.  E.  C.  Culick 

California  Institute  of  Technology 
Pasadena,  California  91125 


ABSTRACT 


This  paper  is  concerned  with  analyses  of  nonlinear  waves  in  solid  propellant  rockets.  Most 
attention  is  given  to  an  approximate  technique  which  inexpensively  provides  results  which  appear  to 
be  quite  accurate  at  least  up  to  amplitudes  of  ten  percent.  The  connection  with  linear  stability 
analysis  is  shown.  Primarily  to  study  nonlinear  stability,  or  triggering,  the  method  is  extended  to 
third  order  in  the  amplitude  of  wave  motion;  no  explicit  results  have  been  obtained.  Application  of 
the  approximate  method  to  the  behavior  of  pulses  is  described. 


I.  INTRODUCTION 


It  is  now  well-known  that  unsteady  motions  must  be  expected  to  occur  sometime  during  the 
development  of  a  solid  propellant  rocket  motor.  We  refer  here  not  to  the  inevitable  ignition  and  ex¬ 
tinction  transients,  or  to  random  noise.  Rather  we  mean  wave  motions  which  are  in  some  manner 
related  to  the  normal  modes  of  oscillation  in  the  chamber.  A  wave  of  this  sort  arises  because  of 
the  enormous  amount  of  energy  available  in  a  chamber  having  relatively  low  losses.  The  phenomenon 
is  generically  called  combustion  instability,  although  its  existence  does  not  rest  on  any  unstable  pro¬ 
cesses  of  combustion. 

Many  of  the  features  of  the  general  problem  are  in  fact  matters  of  acoustics.  The  essential 
requirement  for  the  occurrence  of  combustion  instability  is  the  sensitivity  of  combustion  processes 
to  variables  of  the  acoustic  field,  mainly  pressure  and  velocity.  This  coupling  constitutes  a  feedback 
loop  and  to  an  external  observer  measuring  pressure,  for  example,  the  appearance  of  combustion  in¬ 
stability  may  be  interpreted  as  an  unstable  motion  of  a  self-excited  system. 

Consequently,  a  small  amplitude  instability  grows  exponentially  in  time  according  to  linear  an¬ 
alysis.  It  will  reach  a  limiting  amplitude  only  if  some  sort  of  nonlinear  processes  are  acting.  The 
system  may  then  execute  a  stable  limit  cycle.  Questions  of  considerable  practical  importance  con¬ 
cern  determination  of  the  conditions  under  which  a  limit  cycle  is  attained;  the  character  of  the  wave 
motion  in  the  limit  cycle;  and  especially  how  the  limiting  amplitude  might  be  reduced. 

The  techniques  described  here  are  intended  ultimately  to  produce  approximate  answers  to  those 
questions.  In  earlier  work  (references  1  and  2)  we  have  been  able  to  demonstrate  the  usefulness  of 
the  methods,  and  to  show  that  the  results  are  satisfactorily  accurate  under  realistic  conditions. 
However,  the  questions  raised  above  remain  unanswered,  partly  because  only  special  cases  have  been 
examined. 

In  previous  works,  the  stability  of  stationary  or  standing  waves  has  been  studied.  The  non¬ 
linear  acoustics  has  been  treated  only  to  second  order  in  the  wave  amplitude.  Here  we  obtain  a  few 
results  for  some  special  problems  of  pulse  propagation.  These  are  particularly  relevant  to  certain 
instances  of  instabilities  in  motors  when  the  unsteady  motions  have  been  induced  by  the  ejection  of  a 
piece  of  material  through  the  exhaust  nozzle.  That  sort  of  problem  is  simulated  in  the  laboratory  by 
pulse  testing,  either  by  using  explosive  charges  or  by  ejecting  a  small  pellet.  It  is  likely  that  pulse 
testing  of  motors  may  eventually  become  a  standard  procedure  during  development,  to  verify  stability 
to  finite  disturbances.  The  analysis  developed  here  is  directly  applicable. 

Extension  of  the  analysis  to  third  order  in  the  wave  amplitude  is  a  more  fundamental  matter. 

All  of  the  calculations  done  to  date  with  second  order  acoustics  suggest  that  when  it  exists,  the  limit 
cycle  -  in  particular  the  limiting  amplitude  -  is  independent  of  the  initial  conditions.  Perhaps  the 
most  important  consequence  of  this  feature  is  that  in  its  present  state,  the  formulation  of  the  acous¬ 
tics  does  not  contain  truly  nonlinear  instability,  or  triggering.  We  mean  by  that  term  that  a  system 
which  is  stable  to  small  disturbances  may  be  unstable  if  the  disturbance  is  sufficiently  large.  If  the 
system  has  a  single  degree  of  freedom,  then  it  is  easy  to  show  (reference  3)  that  triggering  does 
not  exist  if  the  nonlinearities  are  of  second  order  and  monotonic  in  the  amplitude.  The  numerical 
calculations  have  suggested  that  the  result  is  true  as  well  for  a  system  having  many  degrees  of 
freedom.  For  all  the  examples  treated  to  date,  the  characteristics  of  the  limit  cycle  are  independent 
of  the  initial  conditions.  We  develop  here  the  equations  to  third  order  necessary  to  examine  trigger¬ 
ing.  Thus  the  general  analysis  is  now  applicable  to  a  wider  range  of  practical  problems. 

There  is  another  way  of  formally  producing  triggering,  which  will  not  be  studied  here.  That 
is  simply  to  include  a  destabilizing  process  which  doesn't  act  unless  the  amplitude  exceeds  a  specified 
level.  Velocity  coupling  exhibits  that  sort  of  behavior  in  solid  propellant  motors.  It  can  be  incor¬ 
porated  within  the  analysis  discussed  here. 

The  results  presented  in  this  paper  are  of  a  general  nature  and  are  not  directed  to  a  particular 
motor.  It  is  important  to  emphasize  that  all  of  this  work  involves  expansion  of  the  unsteady  flow 
field  in  the  normal  modes  of  the  chamber,  and  subsequent  use  of  the  method  of  averaging.  Thus  the 
behavior  of  pulses  can  be  interpreted  in  terms  of  normal  modes,  a  procedure  which  has  certain 


’i-: 


conceptual  advantages  and  also  provide,  a  particularly  easy  means  of  incorporating  empirical  infor- 
V  J  J^Ith  ,method  ot  *ve raging,  only  first  order  ordinary  differential  equations  must  be 

solved.  The  calculations  are  therefore  much  leas  expensive  than  those  done  with  second  order  equa- 
aons  not  averaged.  M 

GENERAL  FORMULATION  FOR  SECOND  ORDER  ACOUSTICS 

The  nonlinear  analysis  we  shall  discuss  here  has  been  constructed  to  be  a  logical  extension  of 
the  conventiona1  linear  stability  analysis.  Results  for  the  stability  of  an  arbitrary  small  amplitude 
disturbance  can  be  obtained  by  treating  the  stability  of  the  normal  modes.  That  procedure  not  only 
Simplifies  the  computations  required  but  greatly  promotes  physical  insight. 

Practically  all  of  our  present  understanding  of  the  stability  of  linear  motions  in  a  solid  propel- 
lant  rocket  motor  is  expressed  in  terms  of  normal  modes.  It  is  therefore  obviously  advantageous  to 
extend  that  viewpoint  to  nonlinear  behavior  and  to  the  propagation  of  pulses.  In  this  section  we  re¬ 
view  briefly  the  procedures  developed  in  reference  2  for  second  order  acoustics.  Extension  to  higher 
order  is  described  in  the  following  section. 

In  the  earlier  work  (reference  2).  both  the  pressure  and  velocity  fields  were  expressed  as  sums 

of  average  and  fluctuating  values:  p  =  Po  +  p1;  u  .  u  +  Z'.  Eventually  only  terms  of  the  order  of 
squares  of  the  fluctuations  were  retained  in  the  conservation  equations;  we  call  that  subject  generally 
second-order  acoustics1.  Briefly  the  analysis  is  worked  out  in  the  following  way.  By  suitable  com¬ 
bination  of  the  conservation  an  inhomogeneous  wave  equation  can  be  deduced  for  the  pressure  dis- 
turbance; 

i  aV  j  . 

—  — c-  -  Vp'  =  -  h 

a3  8t3  (2.  1) 

This  is  accompanied  by  the  inhomogeneous  boundary  condition 

n-Vp1  =  -  f  <2-2) 

The  functions  h  and  f  depend  nonlinearly  on  both  the  pressure  and  velocity  fluctuations.  The  pres- 
s^time- depended  amplitudeT  iv°t):  ex*>resse<^  33  »rntheses  of  the  normal  modes  *.<?>,  each  mode  having 

1  « 

£Cr.t)=  JW?) 

i=0  <2.  3) 

u’  =  >  V*  (r) 

ifi  TV  1  (2.4) 

The  normal  modes  are  those  for  a  volume  having  the  same  shape  as  the  combustion  chamber  and 
enclosed  by  a  rigid  boundary.  They  satisfy  the  equation  and  boundary  condition 

73 +i  +  V+i  -  0  (2-5) 

*  •  V4.  =  0 

1  (2.  6) 

where  ki  is  the  wavenumber  for  the  ith  mode.  Term  by  term,  (2.3)  and  (2.4)  satisfy  the  classical 
linear  acoustic  equations  without  perturbations.  To  this  order,  then,  we  ignore  entropy  changes  as¬ 
sociated  purely  with  the  wave  motions.  Note  also  that  (2.3)  and  (2.4)  do  not  satisfy  the  actual 
boundary  condition  (2.2),  and  are  therefore  only  approximations  to  the  trueTields.  The  error  is 
small,  because  we  assume  always  that  the  perturbations  are  small,  and  has  small  effect  because  of 
the  special  averaging  described  below. 

The  formal  apparatus  is  constructed  to  provide  means  for  calculating  the  amplitudes  ru(t).  In 
the  case  of  linear  motions,  the  amplitudes  vary  exponentially  in  time,  1 

la  K  t 

ThU)  =  (2.  7) 


The  main  results  are  algebraic  formulas  for  the  complex  wavenumber  Kj  of  the  ith  mode,  K  » 

(Hi  -  Uj)/an  where  flj  is  the  angular  frequency  in  the  presence  of  perturbations,  and  of  ’  is  the 
growth  constant.  * 

For  nonlinear  motions,  the  amplitudes  must  be  determined  as  the  solutions  to  nonlinear  ordinary 
differential  equations.  First  multiply  (2.  1)  by  t„,  the  shape  of  the  nth  mode,  and  integrate  over  the 
volume  of  the  chamber.  After  use  of  the  boundary  conditions  (2.2)  and  (2.6)  one  finds 
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dV  +  <*>„"  / +„P'dV 

at3  n  J  n 


*  kdV 
Tn 


'°aff  VdS 


(2.8) 


Now  substitute  the  expansion  (2.3)  tor  p'  on  the  left  hand  side  of  the  last  equation, 
the  second  order  equation  for  ri  : 


where 


This  produces 


(2.9) 


(2.  10) 


When  h  and  f  are  nonlinear  in  the  pressure  or  velocity,  (2.  9)  represents  a  coupled  set  of  nonlinear 
differential  equations. 

In  the  case  of  linear  motions,  the  form  (2.  7)  can  be  used  for  t).,  and  substitution  into  (2.  9) 

gives 


-  (0 


n 


io  )3  +  ib  3 
n  n 


_ 1_ 

P°En 


dS 


The  perturbations  represented  by  h  and  f  are  small,  so  that  an/iBn  is  small  and  fl„,  the  frequency 
of  the  actual  motion,  is  not  much  different  from  the  unperturbed  frequency  u)n.  Thus  the  last  equa¬ 
tion  gives  the  two  formulas,  extracted  as  the  real  and  imaginary  parts: 


0  3 
n 


PoE 


(2.  ID 


a 

n 


1 


2isnp0E 


(2.  12) 


These  two  results  are  the  basis  for  practically  all  contemporary  calculations  of  linear  stability.  The 
effort  lies  in  constructing  the  functions  h  and  f,  and  in  calculating  the  mode  shapes  \|rn.  There  are 
of  course  values  of  fln  and  on  associated  with  each  of  the  modes. 

If  the  functions  h  and  f  are  not  linear,  then  the  substitution  of  (2.  7)  is  no  help.  Let  Fn  denote 
the  right  hand  side  of  (2.  9), 


IB  3T| 
n  n 


=  F 


(2.  13) 


With  the  approximations  (2.3)  and  (2.4),  Fn  is  in  general  a  function  of  all  the  T)j  and  This 

coupled  set  of  equations  can  be  solved  numerically,  but  at  considerable  expense.  In  reference  2  the 
method  of  averaging  has  been  used  to  reduce  the  set  of  N  second  order  equations  to  a  set  of  2N  first 
order  equations,  when  N  modes  are  accounted  for. 

The  basis  for  the  development  is  the  observation  that  practically  all  of  the  problems  we  shall 
be  concerned  with  display  oscillatory  behavior  having  slowly  varying  amplitude  and  phase.  Each  of  the 
amplitudes  r|  (t)  may  reasonably  be  assumed  to  have  the  form 


n  (t)  =  a  (t)sin(iB  t  +  cp  (t))  =  A  sin  ib  t  +  B  cos  u>  t  (2.  14) 

n  n  n  n  »i  *•  **  ** 

The  crucial  assumption  is  that  during  some  period  T  of  the  order  of  the  period  of  oscillation,  the 
fractional  changes  are  small;  thus  bC?a/dn  «  1  in  the  interval  it  =  T.  But  i<7n  =  <7nAt  »  (7nT.  Thus 
the  assumption  implies: 


d  T ,4  4,  A  T,  B  T  «  1  <*•  15) 

n  *  n  Zv‘  n  ’  n 

With  that  assumption  as  the  basis,  equations  can  be  deduced  eventually  for  the  amplitudes  and 
phases.  We  shall  work  here  with  the  functions  An  and  Bn  which  are  to  be  found  as  the  solutions 
to  the  equations 


(2.  16) 
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dA 

n 

~3T 


1 


F  cos  hi  t'  dt' 
n  n 


dB 

n 

~3T  = 


I 


F  sin  is  t'  dt' 
n  n 


(2.  17) 


Here  T  represents  the  interval  of  averaging.  During  that  interval,  An  and  Bn  may  be  treated  as 
constants  when  the  integrals  on  the  right  hand  sides  are  done. 

In  the  special  case  of  purely  longitudinal  oscillations,  u>n  =  mu1  .  Equations  (2.  16)  and  (2.  17) 
may  be  simplified.  Because  the  integrands  are  then  periodic,  and  because  T  may  be  taken  to  be 
the  period  of  the  fundamental  mode,  T  =  Tj  =  2ir/(Uj  ,  we  have 


4An  j  2l,f^ 

"dt~  =  2^S  J  F„  co®  dt' 


-  1 


2irn 


F  sin  ua  t'  dt' 
n  n 


(2.  18) 


(2.  19) 


It  is  these  equations  which  are  eventually  solved  to  treat  the  problems  in  the  remainder  of  this 
paper. 


The  major  nonlinear  effects  we  shall  be  concerned  with  here  are  those  arising  in  the  acoustics. 
They  are  purely  fluid-mechanical  and  do  not  depend  on  the  presence  of  combustion  processes.  In 
reference  2,  the  nonlinear  acoustics  was  carried  out  to  second  order,  leading  to  the  form  of  F 


F  =  -  V  [D  .T).  +  E  .q.]  -  \  ST  [A  .  Aq.  +  B  .  ,f|.T|.] 
n  Z.  m  'i  m  'i  2-  Z,  “lJ  *  j  nij  1  j 

i=l  i=l  j=l 

For  the  case  of  longitudinal  modes,  the  equations  (2.  18)  and  (2.  19)  become 
dA 


-ft2  =  a  A  +  8  B  +  ^  y  [A. (A  .  -  A.  -  A  ..) 
dt  nn  nn  2  1  n-i  i-n  n+i 


i=  1 


B.(B  .  +  B.  +  B 
i'  n-i  i-n  n+t 


(2.20) 


(2.21) 


dB  " 

=  a  B  -  0  A  +  ^  V  [A.(B  .+  B.  -  B  x.) 

dt  nn  nn  2  »  n-i  i-n  n+i 


i=  1 


+  B.(A  .  -  A.  +  A  ..)] 
l  n-i  i-n  n+i 


where  f)  =  (y  +  lJu^/Sy. 


(2.  22) 


Note  that  the  double  series  in  (2.  20)  has  become  a  single  series  for  this  case.  The  terms 
involving  a„  and  0n  govern  linear  behavior:  an  *  -0^/2;  9n  =  -  Enn/2uin.  Clearly  u„  is  the  growth 
constant  defined  earlier;  it  is  quite  easy  to  show  by  direct  solution  that  -  9n  is  the  shift  of  frequency 
from,  that  of  the  unperturbed  normal  mode  (reference  2). 

The  nonlinear  processes  accounted  for  in  (2.20)  and  (2.21)  arise  partly  from  variations  in  the 
speed  of  sound;  partly  from  inertial  effects,  such  as  p  9u/dt;  and  partly  from  convective  influences, 
such  as  those  represented  by  the  term  p  u  •  Vu  in  the  momentum  equation.  It  is  a  relatively  straight¬ 
forward  matter  to  incorporate  other  nonlinear  processes.  For  example,  nonlinear  attenuation  due  to 
gas/particle  interactions  has  been  discussed  in  reference  2.  Some  consequences  of  the  second  order 
nonlinearities  will  be  encountered  here  when  we  examine  the  propagation  of  pulses  in  Section  IV. 

It  is  through  the  constants  a„,  9n  that  connection  is  made  with  linear  stability  analysis.  For 
example,  the  influences  of  surface  combustion  (the  response  function)  and  attenuation  due  to  particles 
are  contained  in  an  and  9_,  in  the  form  of  integrals  over  the  mode  shapes.  All  results  of  linear 
analysis  are  accommodated  by  the  technique  described  here;  it  is  a  straightforward  matter  to  in¬ 
corporate  both  numerical  computations  and  experimental  data  for  linear  behavior. 

To  illustrate  the  sort  of  results  which  may  be  obtained,  two  examples  from  reference  2  will 
be  quoted.  The  first  is  for  the  attenuation  of  a  standing  wave  due  to  particles  suspended  in  a  gas; 
the  mixture  is  contained  in  a  box  with  no  combustion  or  flow.  Figure  2.  1(a)  shows  the  cycle -to- 
cyde  attenuation  constant,  compared  with  an  'exact'  numerical  calculation.  The  mass  fraction  of 
particulate  material  is  0.  36,  the  diameter  of  the  particles  is  2.  5  microns,  and  the  frequency  is 
800  Herts.  The  evolution  of  the  decay  constant  is  due  to  the  nonlinear  generation  of  harmonics,  as 
shown  by  the  waveform  in  Figure  2.  1(b). 
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The  eecond  example  ia  /or  an  unstable  fundamental  longitudinal  mode  in  a  cylindrical  motor. 
In  this  case,  the  influences  of  the  exhaust  noasle,  combustion,  the  mean  flow  field,  and  particles 
were  accounted  for.  Figure  2.2  shows  the  amplitudes  of  the  first  five  harmonics  as  they  develop 
from  an  initial  disturbance  having  the  shape  of  the  fundamental  mode.  The  instability  ultimately 
executes  a  limit  cycle  in  which  the  fundamental  mode  has  amplitude  slightly  greater  than  of  the 
average  pressure. 


TIME/PEftlOO 


(a)  (b) 

Figure  2.  1.  Decay  constant  and  waveform  for  attenuation  by  2.  5-micron 
particles  at  800  Hi,  6p(0)/po  =  0.  15. 
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Figure  2.2.  Amplitudes  for  an  unstable  oscillation  in  a  motor. 


UI.  REPRESENTATION  OF  NONLINEAR 
ACOUSTICS  TO  THIRD  ORDER 


Extension  of  the  analysis  to  third  order  acoustics  requires  careful  attention  to  ordering  and 
closer  consideration  of  the  approximations.  In  the  interest  of  facilitating  practical  calculations  of 
stability  for  combustion  chambers,  and  eventually  parametric  studies,  we  wish  to  produce  formulas 
which  involve  the  unperturbed  classical  modes.  An  enormous  amount  of  labor  is  avoided  if  we  need 
not  apply  the  actual  boundary  conditions  to  obtain  mode  shapes. 
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An  ••sumption  implicit  in  the  method*  applied  here  is  that  the  dominant  nonlinear  processes 
*re  the  acoustics.  Others,  such  as  nonlinear  viscous  effects  associated  with  gas/particle  interactions 
occupy  a  lesser  position  and  are  accounted  for  later  by  introducing  suitable  terms  in  the  forcing 
functions  Fn,  equation  (2.  13).  To  illustrate  the  techniques  we  shall  therefore  consider  here  only 
the  acoustics,  a  tactic  which  permits  us  to  treat  the  simpler  equations  for  classical  flows  without 
combustion  and  mean  flow: 


Aii  -•  >• 

p  "gj-  +  p  u  •  V  u  +  Vp  =  0 
+  y  pV  -  u  +  u-Vp  =  0 


(3.1) 


(3.2) 


Because  the  average  flow  field  is  now  absent,  the  expansions  for  the  pressure  and  velocity 
fields  are  ’ 


P  =  Po  +  cp,  +  e*pe  +  e3pj 
u  =  «uj  +  eai^  + 


(3. 3)a, b 


Substitution  into  (3.  1)  and  (3.2),  and  gathering  terms  of  like  orders  leads  to  the  pairs  of  equations 
for  the  field  quantities: 


f  ft,  &  + 


at 


7p,  =  o 


l  ^  +  =  o 


(3.  4)a, b 


IX*  +  Vp“  =  '  P» 


at 


Po  u,  •  Vu, 


(3.  5)a, b 


-gf-  *  yPb’  us  =  -  ypi^-u,  -  u,  -Vp, 

P°  lO*  +  =  *  P>“1  *  <Pi  -f?  +  P» 


-  Po(u,  •  Vu,  +  i  •  Vu,  ) 

+  ypo7  k  -  -y(Pi7 +  pbv-u,) 


(3.  6)a,  b 


-  <“i  '  Vj%  +  Uo  •  Vp,  ) 

The  formula  for  isentropic  processes,  p  ~  py,  gives  the  first  and  second  order  fluctuations  of 
density: 

£i;la 
po  y  Po 


£  =  +  !<:*-  i><£>8 

Rj 


(3.  7)a,b 


t  Po  y  Pb  i  y 

The  pairs  (3.4)  -  (3.6)  yield  the  wave  equations: 

1  8s: 


-L  £j 

*<?  at3 


=  o 

aoa  8ta 

■  Vap,  =  V  (p,  +  p0u,  Vu,  ) 


1  »  , 

■  l  Ji  (ypi  7  -  ul  +  u,  •  Vp,  ) 
»o 


(3.8) 


(3.9) 


i  =  7'  Cp,“,'7“l  +  <pl  Id*  +  P*  "ft1* 

+  p0(u,  •  Vi%  +  ^  ■  Vu,  )] 


1  8  r  - 
*  —  at  [y(Pl7ue  +  Ps7’U,)  +  (u,  •  Vp,  +  u#  Vp,)] 


(3.  10) 


where  a^  =  ypo/j>o  is  the  speed  of  sound.  Addition  of  (3.8)  and  (3.9)  gives  the  wave  equation  for* 
p1  =  Pi  +  p»  used  as  the  basis  for  the  analysis  to  second  order  described  in  Section  2: 


1  33p' 

a0s  at* 


7*p'  =  7-(p,  +  po^.Vuj) 


-  (ypi^  “i  +  ui  -vpj) 

ao 


(3.  11) 


There  is  a  corresponding  expression  for  the  boundary  condition  which  we  will  not  display  here; 
these  two  results  are  equations  (2.1)  and  (2.2);  h  is  the  right  hand  side  of  (3.11),  if  only  the  non¬ 
linear  acoustics  is  accounted  for. 


Only  the  first  order  (classical)  acoustic  quantities  are  required  to  evaluate  the  right  hand  side 
of  (3.  11).  The  formulas  (2.3)  and  (2.4)  satisfy  (3.4)a,b  exactly.  Those  two  equations  produce  res¬ 
pectively  the  equations  for  rij  and  yj : 


ri.  +  U).*Tl.  =  0  ;  7*y.  +  ksf.  =  0 

'il  l  Ti  l  l 


(3.  12) 


Thus,  the  use  of  (2.3)  and  (2.4)  in  the  right  hand  side  of  (3.  11)  is  rigorously  correct  according  to 
the  expansion  procedure,  but  because  p1  on  the  left  hand  side  is  Pi  +  Pa ,  (2.3)  is  only  an  approxi¬ 
mation.  As  we  noted  earlier,  the  approximation  works  because  of  the  spacial  averaging  [recall 
(2.8)  and  (2.9)]  which  incorporates  the  correct  boundary  condition  (2.2). 

The  analysis  to  third  order  rests  on  the  wave  equation  found  by  summing  (3.  8)  -  (3.  10): 


i  a*p' 

•o*  at* 


-  7*, 


7  '  tpl  +  Po“i 


7u, 


+  Pi  Ui  •  7uj  +  (Pl  +  p#  iHl) 


+  p0  (uj  •  7u«  +  uq  •  7Ui )] 


*  “4  it  [yPl  7  '  +  "i  '  7Pt  (3.13) 

ao 

+  y(Pi  7  •  Ub  +  P,7.^) 


+  (uj  •  7pa  +  u,-  7 p!  )] 


We  shall  continue  to  use  the  form  (2.  1)  as  an  approximation  to  p1  on  the  left  hand  side  of, 
with  the  idea  that  once  again  adequate  corrections  are  introduced  with  the  method  of  spatial  averaging. 
To  evaluate  the  right  hand  side,  (2.  1)  and  (2.2)  are  correctly  used  for  p,  and  u,  but  now  we  re¬ 
quire  formulas  for  pg  and  ug .  At  this  point  we  assume  again  that  the  acoustical  nonlinear  processes 
dominate  and  seek  particular  solutions  to  (3.  5)a,  b;  those  solutions  will  subsequently  be  used  even 
when  additional  processes  are  included. 


Suitable  solutions  are 

00 

P»=  I  +  Qrs*A> 

r,  s=0 


(3.  14)a, b 


I 

r,  s=0 


(Urs\*s  +  Vrs  Vs> 


Substitute  (2.  1),  (2.  2)  and 
dependent  functions  (r;  t|  , 
deduce  that 


(3.  14)a,b  into  (3.5)a,b,  and  assume  that  the  coefficients  of 
Vi  etc.  )  must  vanish  term-by-term.  With  some  effort. 


the  time- 
one  may  then 


V  =  U 

rs  sr 


and  that  must  satisfy  the  differential  equation 


(3.  15) 


* 


We  now  set  the  ordering  parameter  e  =  1. 


5*  •  7  +  ) 

'  v  K 


(3.  16) 


-’1-8 


-1 


Viv-u  )  +  (k  a  -k  *>u  =  *<^-7  Vs  +  7“- 

rs  s  r  ra  *  y  x' 


The  functions  Prs  and  Qrs  are  then  given  by  the  formulas 


Pa 


2-  Vs  +  ■ 


£Po 


—  V  ■  (w  V 
3  r  rs 


*  "U  ) 
s  rs 


(3.  17) 


_  Ppap 

yu)r3lj) 


V*  -V*.  +■ 


22d 


7  •  (V 


(3.  18) 


Now  (3.  14)a,b  are  to  be  used  in  (3.  13)  when  spacial  and  time-averaging  are  carried  out  accord¬ 
ing  to  the  procedures  outlined  in  Section  2.  These  steps  involve  a  great  deal  of  tedious  effort.  Note 
that  the  third  order  terms  produce  sums  over  three  indices.  For  the  case  of  longitudinal  modes  the 
triple  series  become  double  series,  corresponding  to  the  simplification  to  single  series  in  second’ 
order  acoustics.  Explicit  results  and  numerical  examples  will  be  covered  in  subsequent  publications 


IV.  REPRESENTATION  OF  PULSES 


For  sometime  there  have  been  a  few  unanswered  questions  concerning  the  relationships  between 
the  normal  modes  of  a  chamber  and  discrete  travelling  disturbances.  Such  questions  have  been  raised 
in  practice  by  observations  of  the  apparent  development  of  a  discrete  wave  out  of  a  more  familiar 
sort  of  unstable  normal  mode.  There  is  also  a  g-e-t  deal  of  interest  in  the  evolution  of  the  distur¬ 
bances  following  generation  of  a  pulse  by  external  means.  The  two  main  techniques  are  based  on 
use  of  a  small  explosive  charge,  or  ejection  of  an  inert  pellet  through  the  nozzle.  Both  problems 
can  be  treated  with  the  same  formal  apparatus. 

The  basis  for  the  calculation  is  best  displayed  for  the  simplest  case  of  a  pulse  propagating  in 
a  closed  tube  containing  gas  at  rest,  with  no  combustion.  As  indicated  in  Figure  4.  1,  a  single  pulse 
within  the  chamber  may  be  represented  as  the  superposition  of  two  infinitely  long  trains  of  pulses 
one  train  moving  to  the  left,  and  one  to  the  right.  At  the  instant  for  which  the  figure  is  drawn  the 
pulse  A  is  about  to  cross  the  boundary  z  =  0  from  right  to  left,  and  the  pulse  B  is  about  to  cross 
from  left  to  right.  This  represents  reflection  of  a  leftward  moving  pulse  at  the  end,  z  =  0,  of  the 


Figure  4.  1.  Superposition  of  two  Pulse  Trains  to  Represent  Propagation 
of  a  Single  Pulse  in  a  Closed  Tube. 


tube.  It  is  easy  to  deduce  from  the  figure  that  during  reflection  the  amplitude  of  the  pulse  is  doubled 
near  the  reflecting  boundary.  Just  before  reflection,  the  real  pulse  within  the  chamber  is  represented 
by  pulse  A,  and  after  reflection  pulse  B  represents  the  real  pulse.  Note  that  pulses  in  each  of  the 
trains  are  separated  by  the  distance  2L,  twice  the  length  of  the  chamber.  Hence  the  wave  system 
comprising  the  two  wave  trains  had  period  2L.  This  represents  the  pulse  within  the  chamber  travel¬ 
ling  the  distance  2L  for  a  full  cycle. 

Under  the  conditions  chosen  here,  the  pressure  pulse  in  the  chamber  must  satisfy  the  homo¬ 
geneous  wave  equation  subject  to  the  boundary  condition  for  rigid  walls  at  the  ends 


=  0 

9aa  a,,8  at 8 
■^  =  0  (z  =  O.L) 


(4.  1) 

(4.2) 


The  general  solution  of  (4.  1)  may  be  written  as  the  sum  of  rightward  and  leftward  moving  waves: 


•£-  =  f(*  -  at)  +  g(z  +  at) 
Po 


Figure  (4.  1)  shows  a  special  case  of  this  solution.  The  train  of  pulses  moving  to  the  right  is  rep¬ 
resented  by  f(z  -  at)  and  those  moving  to  the  left  are  contained  in  g(z  +  at).  It  is  apparent  that  in 
order  to  satisfy  the  boundary  conditions  at  the  ends  of  the  chamber  having  length  L,  the  wave  trains 
must  have  period  2L. 

We  shall  be  particularly  concerned  here  with  the  wave  motions  subsequent  to  specified  initial 
conditions.  Note  that  the  example  shown  in  Figure  (4.  1)  was  constructed  artificially;  it  is  not  im¬ 
mediately  obvious  what  initial  conditions  will  produce  the  wave  motion.  The  simplest  initial  value 
problem  is  that  for  a  pulse  initially  at  rest: 


p'(z.  0)  =  po  P(z) 


3r  (*-°>  = 0 


(t  =  0;  0  <  z  <  L) 


For  t  >  0  such  a  pulse  splits  into  two  pulses,  one  moving  to  the  left  and  one  moving  to  the  right. 
The  solution  can  be  represented  as  the  superposition  of  two  pulse  trains  as  sketched  in  Figure  4.2. 
For  this  case  the  pulses  in  each  of  the  trains  have  half  the  amplitude  of  the  initial  pulse. 


Figure  4. 2.  Propagation  of  Pulses  Developed  From  a  Stationary  Initial 
Pulse  in  a  Closed  Tube. 


Because  the  initial  pulse  splits,  there  are  always  two  pulses  in  the  chamber.  Measurement  of 
the  pressure  at  one  end  produces  a  signal  which  is  periodic,  having  period  equal  to  the  round  trip 
time  for  one  of  the  pulses.  The  fundamental  frequency  of  the  signal  is  the  fundamental  frequency  of 
the  chamber.  In  special  symmetric  cases,  the  signal  may  show  a  higher  fundamental  frequency. 

For  example,  if  a  symmetric  pulse  is  introduced  at  the  center  of  the  chamber,  then  the  fundamental 
frequency  of  the  signal  is  the  frequency  of  the  second  mode  of  the  chamber. 

The  case  of  a  single  pulse,  sketched  in  Figure  4.  1,  is  the  simplest  to  visualize,  and  constitutes 
a  special  case  of  the  general  initial  value  problem.  In  order  to  satisfy  the  boundary  conditions,  it 
is  necessary,  as  Figure  4.  1  illustrates,  to  use  wave  trains  having  period  twice  the  length  of  the 
chamber.  We  wish  to  account  for  both  the  initial  pulse  shape,  P(z),  and  its  initial  rate  of  change 
with  time,  Q(z);  the  initial  conditions  are 

£.<z,0)  =  P(z)  (4.4) 


—  2-  (z,  0)  =  Q(z) 

po 


(4. 
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Define  the  function  F(z)  representing  leftward  and  rightward  moving  pulse  trains  required  to  satisfy 
the  initial  shape  (4.  4): 


F(z)  = 


P(z)  0  <  z  <  L 


P(-z)  -  L  <  z  <  0 


Outside  the  region  -  2L  <  z  <  2L,  F(z)  is  periodic,  having  period  2L: 


F(z  +  2nL)  =  F(z) 


2L  <  z  <  2L 


n  s  +  1,  ♦  2, 


Similarly  a  function  G(z)  is  defined  to  represent  pulse  trains  required  to  satisfy  the  initial  rate  of 
change  of  the  pressure  field 

rQ(z)  0  <  z  <  L 


-  Q(-z)  -  L  <  z  <  0 


G(z  +  2nL)  =  G(z)  -  2L  <  z  <  2L  „ 

—  —  (4.9) 

n  =  _+  1,  _+  2,  ... 

Note  that  F(z)  is  an  even  function  and  G(z)  is  an  odd  function,  with  respect  to  the  origin  z  =  0. 
The  pressure  field  for  any  t  >  0  is  given  by  the  formula 


z+at 

£  =  1  CF(z  -  at)  +  F(z  +  at)]  +  £  / 

r-  at 


G(?)d? 


It  is  easy  to  establish  that  this  satisfies  the  initial  conditions  (4.  4)  and  (4.  5),  and  because  of  the 
definitions  of  F(z)  and  G(z)  as  periodic  functions,  the  boundary  conditions  at  z  =  0,  L  are  satisfied. 

Now  the  connection  between  the  solution  (4.  10)  and  the  normal  modes  of  the  chamber  is  es¬ 
tablished  by  expanding  F(z)  and  G(z)  in  Fourier  series: 


F(z)  =  £  Bn 


cos  k  z 
n 


G(z)  -  C  cos  k  z 
^  n  n 

n=0 

The  Fourier  coefficients  are  calculated  from  the  formulas 


(4.  1 1 )a, b 


So  =  £  f  P(a)dz 

Bn  =  y;  cos  <knz)  P(z)dz 

C0  =  Z  J  Q(z)dz 

Cn  =  -jj  jj^  cos  (knz)  Q(z)dz 


Q(z)dz 


(4.  12) 
a,  b,  c,  d 


The  average  values  of  the  pulse  and  its  rate  of  change  are  Bo  and  Cg .  In  later  calculations  we 
shall  be  concerned  only  with  the  evolution  of  departures  from  the  average  values.  Substitution  of 
(4.  ll)a,b  into  (4.10)  leads  to  the  Fourier  series  for  p'(z,  t): 


:i  ii 


£  *  7  £  kn“  -  at)  +  co*  knu  *  at)] 


n  =  0 


T  y  Cn  j-  [ain  (*  *  at)  -  ain  kn<*  -  at)] 


<4  13) 


n= 0 

Because  C  haa  dimensions  of  frequency,  the  factor  it)  «  ak  makea  C  /id  dimenaionleaa. 
n  n  n  n  n 

Kxpreaaion  of  the  functiona  in  (4.  13)  leada  to  the  form 


•f—  =  S'  [A  ain  D  t  +  13  coa  id  t]  coa  k  t 
ft>  n  n  n  n  n 


(4.  14) 


n«0 


in  which  An  haa  been  written  for  CnArn.  Thia  reault  ia  identical  with  the  expansion  (2.  I),  using 
(2.  IS)  for  n j(t) .  We  have  now  made  the  connection  with  the  atability  tul  nonlinear  analyaea  deacribed 

in  the  preceding  sections  For  a  pulse  which  propagates  in  a  passive  medium,  with  unchanging  shape, 
the  Fourier  coefficients  An  and  Hn  are  constant.  For  the  problems  arising  in  rocket  motors,  An 
and  Hn  vary  with  time  according  to  equations  (2.  19)  and  (2.20) 

Hence  we  have  now  a  means  for  analysing  the  behavior  of  an  arbitrary  pulse  in  terms  of  the 
normal  modes  of  a  chamber.  The  procedure  may  be  summarised  in  the  following  steps. 


1)  The  initial  shape  and  rate  of  change  of  the  pressure  are  specified,  giving  the 
functiona  P(s)  and  Q(s). 

2)  The  initial  values  of  Bn  and  A„  *  Cn/.rn  are  calculated  from  the  formulas 
(4.  1 2  la ,  b . 


3)  The  time  evolution  is  calculated  by  using  the  appropriate  forms  of  equations 
(2.  19)  and  (2.  20). 

4)  The  pressure  field  can  then  be  calculated  at  any  time  by  using  (4.  14). 

In  principle,  any  problem  of  pulse  propagation  can  be  handled  in  this  way.  Practical  difficulties  may 
arise  in  the  treatment  of  a  steep-fronted  pulse  requiring  a  large  number  of  modes  for  a  faithful 
representation. 


V.  SOME:  RESULTS  FOR  PULSE  PROPAGATION 


We  shall  consider  here  only  cases  of  rectangular  pulses  with  the  initial  pressure  not  changing 
in  time.  Thus  Q(s)  «  0  In  (4.5),  and  the  Fourier  coefficients  are  given  by  (4.  12)a,b.  For  a  pulse 
having  height  A.  and  non-*ero  in  the  range  L>  <  x  <  L,  ,  the  coefficients  are 


B0  =  A(  La  -  Ijj  ) 


(5.  1) 


13 

n 


2A 

ns 


t  sin(nn 


sin(nn 


(5.2) 


Figures  (5.  l)a  and  (5.  l)b  show  the  approximations  using  10,  30  and  50  modes  for  a  pulse  generated 
at  one  end  of  a  chamber,  0  <  *  <  .  3L,  and  for  a  pulse  generated  In  the  range  .  1L  <  r.  <  .  4L. 

The  second  case  corresponds  to  the  situation  sketched  above  in  Figure  4.2, 

Equations  (3.2)  and  (3.3)  have  been  solved  here,  with  the  values  of  un,  Pn  chosen  to  illustrate 
the  propagation  of  pulses.  No  results  have  been  obtained  for  the  conditions  in  a  motor.  The  simplest 
case  is  a  small  amplitude  pulse  with  no  losses:  o„  «  Pn  *  0.  Figure  5.  2(a)  is  the  pressure  at  the 
head  end  (r.  *  0)  for  the  pulse  represented  by  ten  modes,  Figure  5.  1(a),  and  A  «  0.  OOP.  Because 
only  ten  modes  are  used,  ripples  appear  in  the  waveform.  The  pulse  shape  in  the  chamber  is  shown 
in  Figure  5.2(b)  for  various  times  during  three  cycles.  For  the  small  amplitude  of  this  pulse,  the 
second  order  nonlinearities  have  no  discernible  effect  on  the  pulse  shape  for  the  short  time  covered 
in  this  figure. 

In  contrast,  the  case  A  »  0.  1  is  a  large  amplitude  pulse,  and  the  influence  of  nonlinea rities 
appear  already  in  the  first  cycle.  The  initial  shape  is  that  of  Figure  5.  1(a).  Figure  5.3(a)  is  the 
waveform  at  r.  »  0(  and  Figure  5.  3(b)  shows  the  pulse  shape  at  various  times.  For  comparison,  the 
waveform  of  a  simple  cosine,  the  fundamental  mode,  is  shown  in  Figure  5,  4,  Note  the  steepening 
into  a  weak  shock  after  three  cycles.  The  generation  of  higher  harmonics  is  evident,  both  in  the 
waveform  measured  at  s  »  0  and  in  the  shape  of  the  pressure  distribution,  in  the  chamber. 

One  of  the  interesting  and  potentially  useful  features  exhibited  by  pulses  in  motors  is  the  change 
of  shape  due  to  different  rates  of  decay  for  the  modes.  In  Figure  5.  5,  the  decay  of  a  small  ampli¬ 
tude  pulse  is  shown.  For  this  case,  (>n  ■  0  and  an  »  -  40n,  in  equations  (3.2)  and  (3.3);  again  the 
Initial  pulse  shape  is  the  approximation  for  ten  modes.  Figure  5.  1(a),  After  six  cycles  there  are 
still  substantial  amounts  of  the  first  five  harmonics  but  the  next  five  are  practically  absent.  The 


21-12 


o.o  o.n  o.y>  a.n  t.oo  o.o  o.n  o.so  on  1.00 


POSIT  ION. 2/L  POSIT  ION.  Z/l 

<»>  (b) 


Figure  5.  1.  Approximation*  to  a  Rectangular  Initial  Pulse  by  10,  JO, 
50  Mode*. 

(a)  Pulse  Initially  in  the  Range  0  <  *  <  .  25L 

(b)  Pulse  Initially  in  the  Range  O.TL  <”  z  <  0.  4L 


average  value  of  the  pulse  remains  fixed  at  its  initial  value,  so  the  pressure  fluctuation  does  not 
become  negative  after  several  cycles. 

Finally,  in  Figure  5.  6  the  behavior  of  a  rectangular  pulse  initially  displaced  from  one  end  is 
shown.  The  initial  shape  is  the  approximation  with  ten  modes.  Figure  5.  1(b).  This  case  corresponds 
to  the  perfect  rectangular  pulse  sketched  in  Figure  4.2.  The  qualitative  similarities  are  obvious. 
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Figure  5.2.  Propagation  of  a  Rectangular  Pulse  Without  Losses  (10  modes): 
p'(e.O)  «  0.  006po;  0  <  a  <  0.  3L 

(a)  Waveform  it  i  >  0 

(b)  Pulse  Shapes  for  Three  Cycles 
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Figure  5.3.  Propagation  of  a  Rectangular  Pulse  Without  Losses  (10  mode*): 
p’(*,0)  a  0.  Olpo  ;  0  <  t  <  0.  3L 

(a)  Waveform  at  *  =  0 

(b)  Pulse  Shape*  for  Three  Cycles 


<»>  (b) 


Figure  5.4.  Propagation  of  a  Cosine  Wave:  p'(0,  0)  =  0.  01p<, 

(a)  Waveform  at  *  =  0 

(b)  Pulse  Shapes  for  Three  Cycles 


Figure  5.5.  Propagation  of  •  Decaying  Rectangular  Pulse  (10 

p’(a.O)  ■  0.  00t>iv.  0  <  a  <  0.  1L;  a  .  -  40n 
•  -  n 

(a)  Waveform  at  ■  •  0 

(b)  Pulse  Shapes  for  Three  Cycles 


Figure  5.  h.  Propagation  of  a  Rectangular  Pulse  (10  modest: 

p’(s,0)  .  0.  00hfv«.  0.  IL  <  a  <  0.  41. 

(a)  Waveform  at  a  ■  0 

(hi  Pulse  Shapes  for  Three  Cycles 
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DISCUSSION 


L.De  Luca,  Instituto  di  Macchinr  del  Politechnico,  It 

Can  you  comment  on  your  important  assumption  of  no  coupling  of  the  fluid  dynamics  with  the  combustion  process 
in  general"' 

Author's  Reply 

Lhere  is  no  question  that  the  fluid  dynamics  dominate.  What  combustion  does  in  particular  inodes  is  to  wipe  out 
the  higher  harmonic  content.  Modes  appear  as  clean  sinusoidal  waves  at  amplitudes  which  shouldn't  be  clean 
according  to  classical  acoustics.  I  believe  the  reason  for  that  is  primarily  the  influence  of  combustion  which  tends 
to  drive  lower  frequencies  and  tends  to  extract  energy  from  higher  frequencies. 

Combustion  may  be  treated  reasonably  as  a  linear  process  for  amplitudes  up  to  10' ,  and  tacks  on  to  the  non-linear 
processes  which  are  dominated  by  the  fluid  mechanics. 
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DANS  LES  MOTEURS  FUSEES  A  PROPERGOL  SOL  IDE 

par  Paul  KUENTZMANN 

Office  National  d'Etudes  et  de  Recherches  Afrospatiales  (ONERA) 
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Maimt 

La  probldme  del  instabilitEs  de  combustion  dans  les  moteurs  b  propergols  so  I  ides  est  encore  insuffisamment 
maitrisE.  L'objet  de  cet  article  est  de  donner  un  apercu  des  techniques  expErimentales  et  numEriques  dEveloppEes 
£  I'ONERA  pour  faire  face  E  ce  problEme. 

Une  Etude  de  la  similitude  des  instability  de  combustion  a  EtE  conduite  dans  le  cadre  du  dEveloppement  de 
gros  moteurs  dont  le  chargement  est  gEomEtriquement  complexe  et  qui  ont  manifest*  quelques  instability.  Le 
mauvais  accord  entre  les  caractEristiques  des  ph*no  mines  observEs  et  cel  les  prEvues  par  le  calcul  a  amen*  b  pro¬ 
poser  la  realisation  d'essais  E  Echelle  rEduite.  Cette  technique  pure  men  t  expErimentale  s' est  avErEe  fEconde  ;  les 
principaux  rEsultats  obtenus  et  les  limites  de  la  mEthode  seront  donnEs 

Oes  etudes  de  base  sont  poursuivies  pour  parvenir  £  une  description  complete  et  rEaliste  des  instability 
longitudinales  pour  un  chargement  geometriquement  simple.  Deux  voies  complEmentaires  sont  suivies  :  <3 un  c6te 
et  pour  les  etudes  de  stabilite.  une  meilleure  utilisation  des  equations  linearisees  dEcrivant  la  combustion  du  pro 
pergol  et  I'Ecou lement  des  produits  de  combustion  est  recherchEe  ;  parallelement  et  pour  prEvoir  les  niveaux 
d'instabilit*.  une  technique  numerique  est  developpie  prenant  en  compte  le  caractire  non  lineaire  des  phEnomEnes 
La  premiere  approche  est  aussi  appliquEe  b  la  recherche  du  couplaqe  pression  vitesse  des  propergols  solides. 

Cette  synthEse  permettra  de  preciser  les  orientations  envisages. 


RECENT  ONERA  STUDIES  ON  COMBUSTION  INSTABILITIES  IN  SOLID  PROPELLANT  ROCKET  MOTORS 
Summary 

The  problem  created  by  combustion  instabilities  in  solid  propellant  motors  has  not  yet  been  sufficiently 
mastered.  The  purpose  of  this  paper  is  to  review  the  experimental  and  numerical  techniques  developed  at  ONERA 
to  solve  this  problem. 

A  study  on  the  similarity  of  combustion  instabilities  has  been  carried  out  on  the  occasion  of  the  development 
of  large  size  engines  with  geometrically  complex  grain,  revealing  some  instabilities.  In  view  of  the  poor  agreement  between 
the  observed  and  predicted  phenomena  characteristics,  it  was  proposed  to  conduct  tests  on  a  reduced  scale.  This 
purely  experimental  technique  proved  fruitful ;  the  main  results  obtained  and  the  limitation  of  this  method  are 
presented. 

Fundamental  studies  are  being  performed  to  achieve  a  complete  and  realistic  description  of  longitudinal 
instabilities  for  a  geometrically  simple  grain.  Two  complementary  avenues  are  followed  :  on  the  one  hand,  for 
stability  studies,  a  better  use  of  the  linearized  equations  describing  the  combustion  of  the  propellant  and  the  flow 
of  combustion  products,  is  sought ;  on  the  other  hand  to  predict  instability  levels,  a  numerical  technique,  talcing 
into  account  the  non  linear  nature  of  the  phenomena,  is  developed.  The  first  approach  is  also  applied  to  the  deter- 
mination  of  the  pressure-velocity  coupling  of  solid  propellants. 

This  synthesis  will  provide  the  means  of  better  defining  the  trends  contemplated. 


I  -  INTRODUCTION 


Lea  instabilitEs  de  combustion  des  propulseurs  i  propergol  solide  restent  un  sujet  de  preoccupation.  La 
cosplexitf  des  phEnomEnes  mis  en  jeu,  1' incertitude  des  donnEes  disponibies  et  la  limitation  des  moyens 
d' analyse  existants  rendent  nEcessaire  la  poursuite  des  recherches  visant  1  prEvoir  la  stabilitE  des  propul¬ 
seurs  au  stade  de  leur  conception.  L'Evolution  technologique  des  chargemente  qui  prEsentent  une  forme  de 
plus  en  plus  complexe  tend  1  accrottre  le  fossE  sEparant  les  connaissances  des  rEalisations  et  le  dEvelop- 
p ament  d'un  nouveau  propulseur  fait  encore  largement  appel  1  l'empirisme.  Cette  situation  n'a  paa  juaqu'E 
prEsant  posE  de  probltmes  important*  car  les  comportements  instables  observEs  sont  restEs  tolErables.  Dans 
ca  contexts  1’activitE  que  I'ONERA  continue  A  consacrer  aux  instabilitfis  de  combustion  est  orientEe  schEma- 


Travail  effect u*  sous  contrats  de  I*  Direction  Technique  des  Engine,  de  la  SocMt*  European ne  de  Propulsion 
et  de  I*  SocMtE  National*  dee  Poudrai  et  Explosift. 
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tiquemrnt  dans  drum  directions  complement ai res  : 

-  le  deve loppement  de  techniques  globales  permettant  de  repondre  a  court  tense  aux  besoins  indust  riels, 

*  des  etudes  de  base  A  plus  long  tense  en  vue  d'une  me  i lieu re  comprahens ion  des  phenomencs . 

Ui  travaux  donr  il  sera  fait  6tat  par  la  suite  ne  concernent  que  les  instabil it*s  de  combustion  A  pre¬ 
dominance  longitudinale  et  les  propergols  solidrs  composites. 

La  probltmr  de  la  similitude  des  instabilites  de  combustion  a  etc  part icul i A remen t  etudiv  depuis  quei- 
ques  aiuiees  en  vue  de  cr*er  un  moyen  experimental  peu  couteux  susceptible  d'apporter  des  informations  sur 
la  stabilite  de  chargestents  g comet r iquement  complexes.  L'ensemble  des  resultats  obtenus  sur  un  chargement 
axisymet r ique  sera  presente  et  commente  dans  une  premiere  partie. 

Les  etudes  de  base  sont  consacrees  A  une  meilleure  description  des  phenomencs  instat ionnaires  au  niveau 
de  la  combustion  du  propergol  et  au  niveau  de  1 'ecoulement .  Deux  approches  complement a ires  sont  mises  en 
oeuvre  :  description  des  phenomAnes  par  les  equations  linearisees  (recherche  de  la  stabilite)  et  simulation 
numerique  des  phenomencs  sans  simplification  des  equations  (recherche  des  niveaux  d' instabilite)  .  Quelques 
experiences  realisees  dans  des  conditions  simples  sont  menees  en  paiallMe  pour  valider  les  moyens  de  cal- 
cul  mis  en  place. 


2  "  SIMILITUDE  DES  INSTABILITES  DE  COMBUSTION 
2.1  -  Object  if • 

Le  chargement  Atudie  est  de  type  axisymetrique .  Des  instabilites  de  combustion  ont  ete  observers 
petulant  les  dix  premieres  secondes  de  f onct ionnement .  Les  frequences  mises  en  evidence  par  1* analyse  des 
signaux  de  pression  decroissent  en  fonction  du  temps  et  sont  mal  prevues  par  les  calculs  acoustiques  clas- 
siques  ou  par  des  smsures  realise**#  sur  des  cavitls  A  parois  rigides  representatives  [1].  L'insucces  des 
methodes  prev is ienne 1 les  disponibles  a  conduit  A  rechercher  expbr imentalement  les  modes  potentiels  d' insta¬ 
bilite  au  cours  d'essais  sur  des  chargements  A  echelle  reduite.  La  figure  1  donne  le  schema  du  propulseur  A 

I'echelle  l/6£me  experiment^  ;  I'hcmothetie  entre  ce  propulseur  et  le  propulseur  reel  a  ete  assurer  preci- 

sement  en  ce  qui  concerne  le  chargement  et  la  tuyere  mais  pas  pour  la  structure  (figure  2).  Le  propergol  de 

reference  pour  le  chargesmnt  etudie  est  un  propergol  composite  aluminise  A  liant  polyurethane. 
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2.2  -  Maultat*  axpErimantaux 

Odu  iiuii  out  iti  affactuE*  dan*  la*  condition*  auivante*  : 

E**«i*  n*l  E  6  j  premier  lot  du  propargol  d*  rEfCranca  : 

-  n* I  *t  2  :  gEomEtria  nominal*, 

-  n*3  3  aodification  da  la  ion*  dEcullE*  du  fond  arriEre, 

-  n*4  :  aodification  da  1' integration  da  la  tuyEre, 

-  n*5  3  gEomEtria  noainala,  astinction  du  propulaaur  aprEa  I  a, 

-  n*6  3  aodification  du  convargant  da  la  tuyEre. 

Eaaai*  n*7  E  10  3  aacond  lot  du  propargol  da  rifiraaca  s 

-  o*7  :  gEomEtria  noainala, 

-  n*8  3  aodification  da  la  gEomEtria  du  chargeaent, 

-  n*9  s  augaontation  da  la  praaaion  aoyanna  da  fonctionncaent, 

-  n*IO  s  introduction  d'una  aona  dEcollEe  au  fond  avant. 

Eaaai  n*  1 1  3  changeamnt  da  propargol,  gEomEtria  noainala. 

2.2.1  -  Oba*rvationa_gEnEral*a 

Tou*  la*  eaaai*  i  Echo  11*  rEduit*  ont  4 t4  inatablaa.  L'analyae  harmonique  dea  aignaux  da 
praaaion  indiqua  l'axiatance  da  noabraux  aoda*  d' inatabilite  ;  lea  principalea  frequence*  identi- 
fieaa  decroiaaant  an  fonction  du  taa^a,  ce  qui  a  ete  Egalament  obaervf  E  l'Echelle  1  (figure  3). 


La  reproductibilitC  eat  aauvaiae  name  pour  un  lot  donnf  da  propargol  3  la  niveau  maximal 
d' inatabilite  cat  dEtectE  E  dea  inatanta  at  dea  frequence*  different*  lora  dea  eaaai*  n*l,  2  et  5. 
L' influence  du  lot  de  propargol  eat  manifeate  puiaque  dea  frequence*  non  dCceieea  au  cour*  de  la 
pramiEr*  aCria  d'aaaai*  ont  ete  ayatEmatiquement  miaea  an  evidence  lor*  da  la  aeconde.  La*  ni  vernal 
d' inatabilite  aont  gCnCra lemcnt  renforcEa  dan*  lea  zone*  dEcollEea  ;  la  plua  forte  inatabilite 
aat  apparue  lora  de  l'aaaai  n*9,  avec  un  niveau  maximal  de  4,5  b  crate  E  Crete. 

Lea  dCphaaagaa  inatantand*  entra  lea  compoaantea  harmonique*  dea  aignaux  de  preaaion  enre- 
giatrEa  an  different*  point*  de  la  chambre  preaantant  pour  certain*  mode*  de*  valaur*  rEguliEre- 
mant  rCpartiaa  antra  -180  at  180*,  laieaant  prEaager  une  atructure  acouatique  complex*. 


2.2.2  -  Etude  dea  frequence* 

La  aynthEae  affectuEe  montre  que  lea  me  me a  mode*  apparaiaaant  au  coura  dea  different* 
aaaaia,  avec  dea  niveaux  toutefoia  variable*.  Dea  dEcalage*  de  frequence  ae  manifeatent  loraque 
la  gEometria  du  propulaaur  eat  modifiEe  ;  pour  cea  variation*,  on  trouve  par  ordre  d' influence 
croiaaant*  :  la  gEomEtric  da  la  tuyEre,  l'importance  da*  zone*  dEcolieas  et  la  gEomEtrie  du  char- 

gawnt. 

II  a  done  EtE  poaaibla  da  regroupar  lea  rEaultata  obtenua  lora  dea  eaaai*  n*l,  2,  4,  5, 

6,  7  at  9  (propargol  de  rEfCrence  ;  Ap,.  >  100  mb)  aur  la  figure  4.  La*  zone*  hachurEea  tradui- 
aant  la  lEgEr*  diaparaion  dea  rEaultat*  ;  1' identification  dea  mode*  eat  conventions lie  :  lea 
chiffraa  1,  2,  3,  4,  4',  4”,  4"',  5  ...  correapondent  aux  mode*,  lea  lattrea  a,  b  ...  E  la  com- 
poaantc  fondaaantalc.  au  premier  harmonique... 


Fig  4  Recapituhition  des  print  ipulet  frequences  observe** 
(essais  So  I,  2,  4,  5.  6,  7  tt  9  ,  propergol  de  reference). 


Fig.  5  Efftt  d' ft  he  He  sur  In  f  requtnces. 


Fig.  6  Influence  dun  change mtnt  de  propergol 
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L' influence  du  lot  d«  propergol  i'iiC  manifastde  sur  las  nodes  da  baaaa  frdquanca  :  alors 
qua  dana  la  pranidr*  adria  d'aaaaia,  laa  modaa  4'"  a  at  4'a  n'dtaient  paa  apparua,  ila  aa  aoat  au 
contraira  systdmat iquenent  ddgagds  da  la  aaconda  adria  d'aaaaia,  avac  un  niveau  asses  important 
pour  4'a  (  Ap.„  •  0,7  b)  lora  da  l'aaaai  n*7. 

L' influence  da  l'dchalla  aur  laa  frdquancaa  a  dtd  racharchda  an  ramanant  d  l'aide  du 
factaur  d'dchalla  laa  tampa  at  laa  frdquancaa  obtenua  d  l'dchalla  rdduita  aux  valaura  corraapon- 
dantaa  d  dchalla  I.  la  comparaiaon  antra  rdaultata  d  dchalla  I  at  d  dchalla  l/6dma  aat  effectude 
aur  la  figure  5  :  laa  principles  frdquancaa  obaarvdca  d  dchalla  I  pauvant  etre  ddduitaa,  d  da 
ldgara  ddcalages  prda,  daa  aaaaia  rdaliada  d  dchalla  l/6dma.  Toutafoia  la  changenent  d'dchalla 
apparalt  privildgiar  laa  modaa  da  frdquanca  intermddiaire  au  ddtriaant  daa  modaa  da  plua  baaaa 
frdquenca,  pratiquamant  abaanta  da  la  pramidra  adria  d'aaaai.  Cat  affat  paut  etre  at  tribud  d 
r incidence  da  l'dchalla  aur  laa  partaa  acouatiquaa  ;  c'aat  pourquoi  an  vua  d'una  prdviaion  plua 
co^>ldtc  daa  modaa  potantiala  d' inatabilitd,  un  aaaai  compldmantaire  a  dtd  rdaliad  avac  un  pro- 
pargol  non  mdtalliad  parmattant  d'dliminar  laa  partaa  da  nature  biphaaiqua. 

La  choix  da  ca  propergol  a  rdaultd  d' un  compromia  :  il  fallait  an  affat  maintenir  la 
preaaion  moyanna  d  un  nivaau  comparable  d  celui  daa  dix  premiera  aaaaia  at  a’afforcar  d'dtablir 
a  imp lament  une  correspondence  antra  laa  diffdranta  rdaultata.  Ca  compromia  a  dtd  rdaliad  :  la 
preaaion  moyanna  n'a  dtd  infdrieura  qua  da  5  b  dana  la  phase  d' inatabilitd,  l'dvolution  de  la 
gdomdtria  dans  la  tamps  a  dtd  trds  comparable  at  las  valaura  voiainaa  da  la  cdldritd  du  son  (d 
l'dquilibre  tharmodynamique  at  biphaaiqua)  out  pervia  d'obtanir  das  frdquancaa  peu  diffdrantas. 

Au  coura  da  cat  aaaai,  daa  inatabilitd*  aa  sont  manifeatdaa  d  haut  niveau,  y  compris  pour  laa 
ax)des  da  plus  baaaa  frdquanca,  d  proximitd  inaodd i at e  das  frdquancaa  ddjd  idantifidaa  (figure  6). 

Laa  modaa  potantiala  d' inatabilitd  n'apparaiaaant  done  pas  df pend  re  du  propergol  utiliad, 
1 'utilisation  d'un  propergol  non  mdtalliad  permet  da  laa  ddtarminar  plus  facilement. 


2.2.3  -  Etude  daa  amplitudes 

La  raproductibilitd  daa  aaaaia  at  l'influanca  du  lot  da  propergol  rendeut  ddlicata  l'idan- 
tification  daa  modes  las  plus  inatablaa.  La  synthdse  das  rdaultata  obtenua  fait  cape nd ant  appa- 
rattra  pour  cheque  mode  un  tamps  da  coadiustion  critique  ddfini  par  l'obtention  du  maxima  d'a«q>li- 
tuda  da  preaaion  an  un  point  de  la  cavitd.  L’affet  d'dchalla  aur  cea  temps  critiques  a  dtd  ddgagd 
aur  la  tableau  n*l,  las  tampa  critiques  ralatifa  4  l'dchalla  1/6  dtant  remands  4  l'dchalla  I  par 
la  factaur  d'dchalla.  L'accord  antra  las  deux  catdgories  de  rdaultata  aat  aatiafaisant. 


TubleJu  I  -  Effet  d'echelle  sur  Its  temps  critiques. 
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Das  aaaaia  4  dchalla  rdduita  permettent  done  da  ddfinir  laa  tampa  de  combustion  at  done 
las  gdomdtriee  pour  lesquelles  la  atabilitd  du  propulseur  doit  etre  dtudide  an  prioritd  ;  une 
rdelle  dconomia  da  tamps  et  d'argent  peut  ddcouler  de  catte  observation,  an  particulier  si  l'dtu- 
da  da  la  atabilitd  fait  appel  4  daa  moyens  de  calcul  sophistiquds . 

En  ca  qui  concarna  las  niveaux  n&mes  d' inatabilitd  aux  diffdrentes  dchellea,  il  aat  aeu- 
lemant  possible  da  constatar  qu'ila  aont  du  mama  ordre  de  grandeur,  la  dispersion  daa  rdaultata 
n'autoriaant  paa  da  conclusion  plus  prdcise. 

2.2.4  -  Etude  garamdtrique 

Certain*  aaaaia  visaiant  4  ddtarminar  1' incidence  sur  la  atabilitd  du  propulseur  da  modi¬ 
fications  dastindes  4  amdliorer  son  comportement  inatat ionnaire  ou  imposdes  par  d'autraa  contrain- 
tca  tcchnologiques .  La  faible  nombre  d'essai*  at  la  dispersion  da*  rdaultata  n'ont  pas  permis  de 
conclusion*  nattaa  dana  toua  lea  caa  : 

a)  -  preaaion  moyanna 

un*  augmentation  da  la  preaaion  moyanna  da  402  a  dtd  obtenue  lora  de  l'essai  n*9  par  rdduc- 


tion  de  la  aection  du  col.  La  niveau  maximal  d' inatabi l it*  a  *t*  forteaent  augment*  aur  le 
mode  4a.  attenu*  aur  laa  autraa  modes.  La  Mac  tendance  a  *t*  observ*e  3  l'kchelle  I  ; 

b)  -  g*om*trie  du  chargement 

la  modification  du  chargeaent  n * 8  a  consist*  1  realiser  dee  chanfreina  1  l'aval  dea  gorgea 
afin  de  liaitcr  lea  aurviteaaea  de  l'*coulement  li*es  au  contournement  du  profit.  Cette  awdi- 
fication  aeable  avoir  r*duit  lea  niveaua  d* inatabi lit*  dana  la  p*riode  oO  le  profit  de  com- 
buation  oat  le  plua  modifi*  ; 

c)  -  aonaa  d*coll*ce 

lea  reaultata  aont  contradictoiroa  :  la  diminution  de  la  aone  d*coll*e  du  fond  arrierc 
(eaaai  n*3)  a'aat  traduite  par  un  accroiaaeaent  du  nivaau  maaimal  d ' inatabi l it#,  l'intro- 
duction  d'uue  aone  d*coll*a  au  fond  avant  tgalement  ; 

d)  -  at omd trie  da  la  tuyere 

1 1  n'a  paa  *t*  possiblr  de  dtgager  1'  inf  luence  de  1 '  intdgrat  ion  de  la  tuy*re  ou  de  la  forae 
de  aon  convergent,  la  reduction  de  1 ' integral ion  (eaaai  n*4),  1 ' augment at  ion  de  la  longueur 
du  convergent  n'ont  paa  changt  lea  inatabi litta  de  aianitre  aignif icative . 


2.3-  Interpretation  dea  rdaultata 

Laa  caaaia  rtaliata  ont  fourni  dea  informat iona  intfreaaantea  ind*pendamaent  de  toute  cone idt ra¬ 
tion  theorique  aur  la  phyaique  du  ph*nom*ne.  II  faut  maintenant  a'interroger  aur  lea  limitea  dea  eaaaia  3 
tchelle  rdduite  et  tenter  d' interpreter  th*or iquemenc  certainea  dea  obaervationa  faitea. 

La  aaturation  dea  inatabilit*s  3  un  certain  niveau  d'amplitude  eat  li*e  3  dea  ph*nom*nee  non  li- 
ndairea  au  niveau  de  la  ccmbuation  et  de  l'*coulement  dea  produita  de  ccmbuation,  ph*nom*nes  encore  diffi- 
cilea  3  prevoir  aurtout  dana  le  caa  de  geometries  complexea.  Auaai  le  premier  problems  3  rtaoudre  eat-il 
celui  de  la  stabilit*  lintaire  du  propulacur  c'eat-3-dire  de  la  r*ponse  du  propulaeur  3  une  petite  pertur¬ 
bation  3  partir  d'un  etat  atat ionnaire .  Lea  equations  peuvent  etre  alora  grandement  simplifies  (lineari- 
aation)  et  leura  compoaantea  inatat ionnairea  peuvent  etre  traiteea  par  lea  mlthodea  acouatiquea  claaaiquea. 
Cette  technique  conduit,  dana  la  meaure  oO  le  noaibre  de  Mach  de  l'*coulement  moyen  reate  faible,  3  aaaimi- 
ler  lea  nodea  barmoniquea  d' inatabi 1 ite  aux  node  a  acouatiquea  claaaiquea  (cavit*  fermee  3  paroia  rigidea) 
et  k  exprimer  1'  amq>l if  icat  ion  algcbrique  du  ph*nom*ne  global  comma  la  soeme  dea  contribut iona  apport*ea  par 
chaque  phenomena  ei*amntaire  (bilan  acouatique)  :  r*ponse  inatat ionnaire  de  la  aurface  de  ccmbuation,  ccm- 
portement  inatat ionnaire  de  la  tuyere,  amortiaaement  viaco*lastique  dana  'v  chargement,  pertea  biphaaiquea 
dana  lea  produita  de  ccwbuet  ion. . . 

Lea  frequencea  obaervCea  ne  aont  paa  en  accord  avec  cellea  prevuea  par  1'acouatique  claaaique,  ce 
qui  laiaae  auppoaer  une  interaction  aaaex  forte  entte  l'*coulement  moyen  et  l'tcoulement  inatat ionnaire .  11 
n'a  paa  encore  *t*  poraible  d'expliquer  pr*cis*ment  cea  hearts  et  le  probieme  reate  ouvert.  En  d*pit  de 
cette  difficult*  noua  noua  appuierona  aur  la  m*thode  du  bilan  acouatique  pour  eatioer  qualitat ivement  1' in¬ 
fluence  de  l'*chella  aur  la  stabilit*  du  propulaeur. 


2.3.1  -  Reponae  de_la  aurface  decombuat ion 

La  rAponae  du  propergol  de  reference  aux  oacillationa  harmoniquea  de  preaaion  a  et*  mean- 
r*e  au  propulacur  3  ejection  moduiee  [21 .  Le  maximum  de  la  partie  rtelle  de  la  r*ponae  ae  produit 
peu  avant  1000  Hx  aux  preaaiona  moyennea  rooontees,  il  eat  aaaez  nuirqu*  et  d*pasae  b.  Noua  ne 
tiendrona  paa  compte  pour  aimplifier  du  couplage  preaaion  viteaae  cependant  probable  dans  lea 
xonea  de  aurviteaae  de  l'kcoulement  en  raiaon  de  l 'obaervat ion  d'une  erosion  moyenne. 


La  contribution  de  la  aurface  de  ccmbuation  au  bilan  acouat ique  s'ecrit  de  faqon  classi- 
que  [31  : 
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Plutot  que  l'admittance  rhduite  At.  de  la  surface  de  coaibustion  noua  utiliaerona  ici  lea 
r*ponaee  (reponae  en  debit  3  la  preaaion),  (reponae  en  temperature  3  la  preaaion) 

et  R. .  R„..  -  (reponae  globale  3  la  preaaion),  tv,  etant  meauree  directement  au  propul- 

aeur  k  ejection  moduiee.  Entre  A b  et  Rr  exiate  la  relation  : 
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En  admettant  que  et  R<  ne  variant  pas  aur  la  surface  de  combustion,  il  vient  s 


Comparant  maintenant  les  valeurs  de 
pour  laa  frequences  correspondantee 
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f  et  */,\  et  un  meme  propergol,  on  aura  done  : 
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Pour  lea  eaaaia  A  Ache  lie  rAduite  et  compte  tenu  de  la  courbe  ,  la  contribution  de  la 

surface  de  combustion  devrait  etre  augmentAe  pour  lea  modes  de  plus  basse  frequence. 


2.3.2  -  Compor tementinst at ionnaire  de_la  tuyAre 

La  contribution  de  la  tuyAre  au  bilan  acoustique  s'exprime  comae  celle  due  A  la  surface 
de  combustion  : 
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Dans  le  cadre  d'une  Atude  monodimensionnelle  de  1'Acoulement  inatationnaire  de  la  tuyAre, 
il  eat  plus  simple  de  substituer  A  Ae  l'admittance  rAduite  dAfinie  par  : 
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II  vient  done  : 
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Comae  f  ne  depend  pour  une  gAomAtrie  de  tuydre  donnAe  que  de  la  frAquence  rAduite  des 
oscillations  (par  exemple  /?>■  ,  oil  &  eat  la  longueur  du  convergent),  le  tenae  I  ♦  Tf'*0"’ 

ne  dApendra  pas  de  l'Achelle  considArAe  : 


OCT,  A 


L'amortissement  de  la  tuyAre  augment e  loreque  l'Achelle  diminue. 


2.3.3  -  Pertes_biphasigues_dans  ksproduits  de_combust ion 

Dans  le  cadre  d'hypothAses  trAs  simplifiAes  (particules  sphAriques  trAs  petitea  et  de 
taille  unifonne,  hypothAse  de  Stokes  pour  la  loi  de  trainAe,  transfert  thermique  nAgligA  entre 
gaz  et  particules),  il  est  possible  de  parvenir  A  une  expression  simple  de  l'amortissement  du 
aux  particulea  (4]  : 


_  to  K-  CO  _ 
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oQ  K  est  le  rapport  de  la  masse  volumique  de  la  phase  condenaAe  A  celle  du  gaz  (caractAristi- 
que  du  propergol)  et  la  constante  de  relaxation  en  vitesse  (  r*.  --  *  p-  ). 

■3^ 

Pour  une  frAquence  donnAe,  l'amortissement  est  maximal  pour  lea  particules  dont  le  rayon 
est  tel  que  ;  to  K*  “1.  Une  frAquence  critique  tfamortiasement  existe  done  pour  une  taille 
donnAe  de  particule  : 

, 

soit  pour  des  valeurs  raisonnables  des  paramAtres  physiques  : 
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Une  incerticude  importante  subsiste  sur  le  rayon  moyen  des  particules  dans  la  chambre  de 
combustion  d'un  propulseur  et  sur  see  variations  avec  le  temps  de  sAjour  moyen  dans  le  propulseur. 
En  fonction  des  rAaultats  f ragmentaires  obtenus  dans  ce  domaine  [5],  nous  sonnies  conduits  A  esti- 
mer  que  la  majoritA  des  particules  ont  un  rayon  InfArieur  au  micron,  si  bien  que  les  frAquences 
observAes  doivent  toujours  etre  infArieures  A  la  frAquence  critique.  L'expreesion  de 
prend  dans  cea  conditions  la  forme  simplifiAe  : 
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RAcapitulons  les  rAsultsts  dans  une  formule  unique  : 
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U  diffArauce  J«  comport  ament  au  point  de  vue  de  1*  stability  das  rmii  A  dif farentaa 
K'h«ll«i  dApendra  done  assent ialleawnt  do  aignr  da  la  aoaau a  ; 


A  m  otc ,  /  ^  -  i  ^  *•  >  n ,  (  -3-  t 

at  par  consequent  da  la  frequence  at  do  aioda  considers. 


2.3.4  -  Application  aux  eaaaistAal ises 

La  faibla  instabilitA  daa  raaaia  A  Achellr  rAduite  pour  laa  modes  da  plua  baaaa  frequence 
taiaaa  aoppoaar  ona  augmentation  da  1 'amort iaaement  dur  aoa  particolaa  aupArieure  A  .-alia  da  la 
contribution  da  la  surface  da  combustion  : 
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V  moil  a  inatabla  Achelle  l).  on  davrait  avoir  : 


Catta  inAgalitA  n'aat  paa  exclue  an  raiaon  da  la  rapida  dAcroiasante  da  R,^'  aptAs 
aon  am xi mum. 


L'apparition  daa  taodaa  inatablaa  A  haota  trAquence  aux  daux  Achellr*  n'aat  par  ooutra 
explicable  qoa  ai  I'on  admat  qua  1 ' amort  isaemrnt  dfl  aox  particolaa  crott  baaocoup  ax>ina  qoa  na 
la  laiaaa  aoppoaar  la  formula  propose* . 

L* augment  at  ion  daa  instabilitA*  da  combustion  da  meyenue  frequence  avac  la  changemrut  da 
ptaaaion  a’inteiprAte  correctemrnt  ai  I’on  admat  qua  ft."  aat  t mutton  d'ona  frequence  rA- 

duitc  -v1 :  1 ’augment  at ion  da  praaaion  aquivaot  A  una  diminution  da  la  frequence  rAduite 

Or.  , 

at  coatpte  tano  daa  frequences  miaaa  an  jeu  A  ona  aogmantat  ion  da  ft" 

Pour  l'aaaai  lealiaa  avac  la  propargol  non  metallise,  on  vArifie  bian  quo  le  . hangemrnt 
d'Achalle  n'amortit  paa  laa  taodaa  d 1  inat abi  1  i t a .  coaipta  tano  do  changatnant  da  rAponae  pour  la 
nouveau  propargol. 


2.4  -  Cone lua ion 

L'Atude  experiment  ala  eonduita  aur  daa  ehargamanta  axiaymAt riquea  A  petite  Achelle  a  parmia  da 
racuaillir  laa  anaaignamanta  auivanta  : 

-  pour  daa  ehargamanta  gAomAtriquamaut  complexea,  laa  ealeola  claaaiqoaa  do  atabilit*  tombant  an 
dAf aut , 

-  laa  awdaa  potantiela  d'  inatabi  lit#  at  laa  profile  da  coarbustion  pour  laaquala  la  propulaeur  aat 
la  plua  inatabla  pauvant  atra  determine*  par  daa  aaaaia  A  Achelle  radoita.  Catta  daterminat itxt 
aat  pau  aanaiblc  au  choix  du  propargol,  A  geometric  imposes,  1 '41 iminat ion  da  1 'amort iaarmrnt 
thtaaux  partieulaa  par  la  choix  d'un  propargol  non  metallise  rat  intarraaanta, 

-  la  corraapondance  axaeta  antra  aaaaia  A  diffArentre  Ache  lira  rat  difficile  A  Atablir  an  raiaon 
daa  incertitudea  aubeiatant  aur  tea  donnAaa  de  baaa  IrAponaa  du  propargol  au  eouptaga  preaaiat- 
vitaaaa,  granulomAtria  daa  partieulaa  d'alumine)  at  aur  la  structure  dAtaillAe  daa  modes 

d' instabilitA . 

!•*•  aaaaia  A  Achelle  rAduita  na  pauvant  done  a a  aubatituar  aux  aaaaia  A  Achrlle  1  ;  ila  conati- 
tuant,  dana  l'araanal  daa  moyene  mia  A  la  diapoaition  daa  conatructeure,  una  poaaibilitA  aupplAmant aira 
pour  atiaux  earner  le  problAmr  daa  inatabi  litre  de  combuation  at  rAduira  laa  coQta  da  dAve  loppamanl  da  nou- 
vaaux  proputaaura. 


3  -  ANALYSE  DBS  1NSTABILITES  DE  COMBUSTION  BAMS  LE  P0HA1NK  L1NF.A1RK 
3.1  -  Object  if a 

L' uti liaat ion  da  la  fonae  linAariaAa  daa  Aquationa  da  la  mAeaniqua  daa  fluidea  raata  l'approcha 
la  plua  simple  pour  Atudiar  la  atabilitA  d'un  propulaeur.  la  methods  du  bilan  acouatique  aat,  du  moina  dana 
aa  forma  AlAmantaira,  limitAa  aux  Acoulamants  moyana  A  faibla  nombre  da  Mach,  da  talla  aorta  qua  la  distor¬ 
tion  daa  modea  acouatiquaa  claaeiquaa  reate  faibla.  Cette  mAthode  tomba  an  dAfaut  loraqua  laa  condi tiona  du 
problems  traitA  na  parmettent  paa  da  nAgligar  1 ' interact  ion  da  l'aeouatique  avac  1'Aeoulamant  moyrn  j  aon 
insuccia  pour  daa  gComAtriea  axiaymAtriquaa  conplaxaa  a  AtA  mantionnA  au  ehapitrr  prAeAdant,  un  autre  exem¬ 
pt*  **t  calui  daa  motrura  aana  tuyAre  puiaque  la  noarhra  da  Mach  da  1'Aeoulamant  moyan  an  sortie  da  canal 
attaint  I. 


Pour  aurmonter  catta  diffirultA,  1'idAa  suivia  aat  d'intAgrer  numAriquement  laa  Aquationa  linAa- 
riaAaa  da  baaa  au  lieu  da  racharchar  daa  solutions  analytiquee  approchAra  axplicitaa.  Catta  dAatarche  cor 
mancAe  it  y  a  qualquas  annAaa  [61  a  AtA  rapriar  rAeaaaaant .  File  n’a  AtA  appliquAa  juaqu'ici  qu'A  daa  pro- 
t't****  aimplaa  aa  aatiafaiaant  d'tma  description  nonodimenaionnel la  monophaaique  maia  aat  a  priori  suscep¬ 
tible  d'Jtra  gAnAraliaAa  A  daa  Acoulamants  hi  ou  tridimanaionnala  biphaaiquaa.  laa  applications  viaAra  an 
prioritA  aont  an  affet  laa  suivantaa  t 

-  propulaeur*  A  perforation  centrals  faibleamnt  Avolutiva, 


-  montage*  d'eaaai  pour  la  meoure  de  la  rEponae  dea  propergola  aolidea  au  couplage  preaaion- 
vitaaae. 

3.2  -  Equationa  de  baae 

Lea  equationa  de  baae  aont  lea  Equationa  de  bilan  et  1' Equation  d'Etat  du  gax  : 

!^(p +  ^.CpuA)  =  Am' 

+  puh-M)  =  * 

p  =  prT  • 

m  eat  ici  le  dEbit  de  la  aurface  de  conbuation  par  unitE  de  longueur  le  long  de  l'axe  du  propulaeur, 
l'enthalple  dea  produita  de  coatbuation  injectE*  localement. 

La  rEaolution  du  problEme  atationnaire  ae  ramEne ,  dana  la  meaure  oO  la  tempErature  de  flaae  eat 
indEpendante  de  la  preaaion,  1  deux  Equationa  diffErentiellea  ordinaire*,  par  exeag>le  pour  la  preaaion  "p 
et  le  noafcre  de  Mach  M  : 

It-**  .-2M  \fTTS^  rn^  ♦  TTp  ±- 

A  tfjly- 

M  -  mM  m*  J_,1A  . 

^  1  -x  *  ^  ^  rd-Tf 

L'Ecoulement  atationnaire  n'eat  paa  iaentropique  en  raiaon  de  1' injection  latErale. 

La  lineariaation  dea  Equationa  inatationnairea  conduit  aprEa  quelquea  calcula  au  ayatEac  canoni- 
que  auivant  (oacillationa  naturellea)  : 

I  (3*-Z*)  ))»Cr  ^ 
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Ce  ayatEme  a  EtE  etabli  pour  l'amplitude  rEduite  '-P  ^de  preaaion,  l’a-fnlitude  rEduite  V  de 
viteaae  et  l'amplitude  de  l'entropie  rEduite  3  .  Le  choix  de  (f  et  v  a'impoae  pour  expliciter  le  cou¬ 
plage  inatationnaire  entre  l'Ecoulement  et  la  combuation  ;  noua  avona  poaE  : 

•^/•UV  =.  R $  +  Rmu  v  , 

f  +  R 

T«.l  ^  / 

l'utiliaation  de  permettant  en  outre  de  simplifier  lee  calcula  et  1'interprEtation  physique  dea  rEaul- 

tata. 

L'Ecoulement  atationnaire  intervient  par  le*  grandeur*  ,M  ,  m  et  p  et  par 

la  seule  dErivEe  • qui  peut  etre  exprimEe  en  fonction  dea  grandeur*  atationnaire*.  Ce  jeu  d'Equation* 
«-v-* 

eat  valable  auaai  bien  dan*  la  chambre  de  combuation  que  dan*  la  tuyEre  (  m  •  0) .  II  doit  etre  intEgrE 
•vec  lea  condition*  limitea  implicitement  contenuea  dan*  lea  Equationa  t  &  ■  0  (fond  avant  du  propulseur) 


:mo 


at  M  -I  (col  <1*  la  tuyAre)  aont  an  effat  dea  aingularitea  pour  laaquallaa  il  faut  aaaurar  la  continuity 
daa  aolutiona  ;  unc  derniAre  condition  raata  libra  an  raiaon  du  caractAre  hoaogAne  daa  Aquationa,  il  rat 
par  example  poaaibla  dr  choiair  '(  “  I  an  un  point. 

Troia  applirationa  aaront  aucceaeivemenb  AtudiAea  : 

-  atabilitA  d'un  propulaaur  claaaiqua  gAomAtriquement  aimple, 

-  atabilitA  d'un  motaur  aana  tuyere, 

-  determination  du  couplage  praaa ion- vitaaar  d'un  propergcl  aolida. 

3.3  -  §t  abi  l  i  tAd^unprogu  laeurgAomet  r  icjuemen  t_a  imple 

La  geometric  du  propulaaur  aat  illuatrAe  par  la  figure  23  ;  la  canal  cylindriqua  aat  raccordA  a 
una  tuyAre  biconique  at  da  rayon  da  courbura  conatant  au  col.  La  rAponae  an  dAbit  du  propargol  aux  oacilla- 
tiona  da  praaaion  aat  introduita  aoua  formr  analytiqua  par  una  loi  claaaiqua  A  deux  paraaAtraa  at 
[7]  ajuatAa  pour  ratrouvar  un  maxianna  rAaliate  da  la  partia  rAellr  ;  la  rAponae  an  tempArature  da  flaaane 
du  propargol  aux  oacillationa  da  praaaion  aa  dAduit  da  la  rAponae  an  debit  ;  la  couplage  praaaion  vitaaar 
aat  neglige.  La  problAme  mathematiqua  A  rAaoudre  aat  done  un  problAme  A  valaur  propra  (complaxa)  ;  il 

aat  rAaolu  numeriquement  par  approximation  auccaaaivaa  an  integrant  a imu It an Ament  la  ayatAma  differential 
an  if  ,  c  at  -*>  at  la  ayatAma  adjoint. 

line  application  numArique  a  Ate  affectuAc  pour  una  valaur  modArAa  du  nombre  da  Mach  A  1'antrAa  da 
la  tuyAre  (  *  0,15)  dana  la  but  da  comparer  catta  mAthodc  numArique  A  calla  du  bilan  acouatiqua.  L' ac¬ 

cord  aat  aatiafaiaant  puiaqua  la  coefficient  d' ampl  if  icat  iotf  aat  trouvA  raapact ivemant  Agal  A  -58,8  a“l  at 
57,1  a"*.  Laa  figuraa  7,  8  at  9  donnant  la  repartition  da  if  ,  at  S  dana  la  ehambre  at  leur  coi^ia- 
raiaon  a vac  la  mode  acouatiqua  claaaiqua.  Caa  rAaultata  confirmant  la  bonne  approximation  d'anaamblc  four- 
nie  par  la  nx>de  acouatiqua  claaaiqua  loraqua  la  nombre  da  Mach  da  l'Acoulrment  raata  faibla  dana  la  cham- 
bre  ;  toutafoia  daa  Acarta  da  dAphaaage  aupArieura  A  10*  aont  conatatAa  au  fond  arriAre.  Da  tala  Acarta  ne 
aont  paa  compatiblaa  avac  la  recherche  axpAriaiantala  daa  couplagea  praaaion  at  praaaion* viteaaa  (paragrapha 
3.5)  qui  nAceaaite  una  daacription  pine  prAciae  du  champ  da  praaaion. 


Fig  7  Crude  de  la  stability  d’un  propulseur  par  integration  des  Fig.  8  Ctude  dr  la  stability  d'un  propulseur  par  integration  des 
equations  linearis ees  ( amplitude  * 1e  pression).  equations  linearisees  ( amplitude  de  ritesse) 
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Fig.  9  Etudt  dt  lii  stabilite  d  un  propulstur 
par  integration  de\  equation >  linear i\eei 
(amplitude  d'entropie). 


3.4  -  Stabi 1^ tf_d^un_mot*ur_j«n«_tu^J rc 

Le  moteur  sans  tuy?re  eat  l'exemple  type  d'un  couplage  #lev#  entre  1  '#roulemrnt  woven  et  l'acous- 
tique.  Le  problfmc  sera  limit#  ici  aux  inst abi l i tfa  basse  frfquenee  que  nous  conxidererons  comm  uv> 
ca*  particulier  d' instability  acouatique  ;  notre  point  de  vue  sera  done  different  dr  rrlui  adopt#  par 
Thraaher  (8]  qui  aaaimile  le  phcnom#ne  A  cclui  d '  inat  abi  1  it#s  rn  volume  dana  un  proptilaeuv  rlaxxiqnr. 

L'exptrience  montre  que  dana  un  propulaeur  xana  tuyAre  (figure  10),  lea  instabilit#s  baaae  fre¬ 
quence  aont  caract#ris#cs  par  une  amplitude  r#duite  m*  de  preaaion  aenaiblrment  conatante  dana  le  canal 
(figure  It).  C'eat  cette  particularity  que  none  avonx  tent#  de  retrouver  par  le  ralcul. 

Dana  un  but  de  amplification,  noua  avona  auppox#  le  canal  cylindriqur  et  la  vitexae  atatiixinaire 
de  coafcustion  conatante  :  la  aolution  du  probl#me  atationnaire  prend  alora  une  forme  explicite  191.  Seules 
lea  r#ponaea  en  preaaion  du  propergol  aont  priaex  en  comptr,  ellea  aont  exprim#ex  analyt iquement .  Un  chan- 
gement  de  variable  permet  alora  de  ae  ramenrr  A  troia  equations  dif f#rent iel lex  ordinairea  lin#airex  et 
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honogenc*  dant  lea  coefficients  nc  dependent  que  do  la  ncuvelle  variable  r->  et  qui  aont  done  plus  faciles 
i  intdgrer  : 

J-m'Vi.  »•  -1^  M  I  •»(  n’Vt,  w) 
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-  ,j,5(IH‘)(l'  V  M'll  f 
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oil  eat  la  frequence  rtfduitc  ctii  . 

«R  » 

Lea  conditions  limites  a  respecter  aont  : 

-  Pi  •  0  :  >?0  =  i 


•si  ^ 

“It  'ft  -  — -  v,  *  !>,  “0,  condition  traduisant  l’annulation  de  I'aaplitude  dee  oscillations  du 

s  '  noabre  de  Mach  en  sortie  de  canal. 

Pour  chaque  valeur  de  p>.  fixes  et  partant  d'une  valeur  err  approchfe,  on  tend  par  approximations 
successives  vers  la  valeur  propre  rr-  recherche®.  La  valeur  de  pS  conduiaant  ft  la  stability  eat  obtenue 
apris  que lques  passages  du  programme  de  calcul.  La  figure  12  il lustre  lea  rCsultata  obtenua  ft  la  stability 
pour  la  repartition  de  :  I'aaplitude  de  pression  eat  bien  sensibleaent  uniforae  dans  le  canal. 


Ce  type  de  calcul  peraet  done  de  retrouver  le  node  de  basse  frequence  comae  un  mode  acoustique 
d'otdre  0,  les  autres  aodes  acouatiques  peuvent  etre  calculds  par  le  meme  programne.  La  front iftre  de  stabi¬ 
lity  pour  chaque  node  depend  evidemment  de  la  connaiasance  precise  de  la  reponae  du  propergol. 


3.5  -  Htyde .dp  coup lags  pression  v iteaae 

La  problems  du  couplage  pression  viteaae,  e’eat-ft-dire  de  faction  combine®  sur  la  ccaibustion  du 
propergol  dee  oscillations  de  la  pression  et  de  la  vitesse  de  1 'dcouleaient  parallftlement  1  la  surface,  est 
d'une  grande  co^tlexit#  puiaqu'il  s'agit  de  determiner  la  modification  apportfe  par  l'fcoulement  au  coupla¬ 
ge  pression,  phinoalne  done  l'Ctude  est  dftjft  difficile.  L'approche  adoptfe  icl  ae  aitue  dans  le  cadre  des 
ttudes  de  stability  et  de  la  description  lindaire  des  phenondnea,  1 ' interact  ion  ecoulenent-combuation  eat 
done  envisages  comma  Is  dCplacement  periodique  d'un  phenomena  d'drosion,  suivant  en  cela  f analyse  presen¬ 
tee  par  langelie  1101.  Cette  approche  exclut  done  lea  phenorntnee  da  caractlre  non  lineaiTS  ausceptibles  de 
se  produire  lorsque  I'aaplitude  des  oscillations  de  vitesse  deviant  du  rise  ordre  de  grandeur  que  la  vi¬ 
teaae  aoyanne. 


Un  aontagc  d'essai  a  dtd  conatruit  pour  vdrificr  si  la  deacription  qui  a  it(  donnde  du  phenomena 
eat  rdaliate  at  tenter  d'en  quantifier  lea  effete.  Dea  conditiona  de  fonctionnenent  auaceptiblea  dc  erder 
un  effet  droaif  aeaurable  et  de  privildgiar  lea  oacillationa  de  viteaae  par  rapport  aux  oacillationa  de 
preaaioo  ont  dtd  done  recherchdea.  La  aolution  retenue  repoae  aur  la  erdation  d'oacillationa  foredea,  par 
la  Modulation  du  col  de  aortic,  dana  une  chaabre  d'cxpdrience  bidimensionnelle  elle-a!me  alimentdc  par  un 
gdndratcur  (figure  13)  ;  le  ddcouplage  du  gdndrateur  et  de  la  chaabre  d'cxpdrience  par  une  tuydre  aaorede 
peraet  d'atteindre  dec  niveaux  da  aodulation  intdreaaanta,  de  liaiter  lea  couta  de  fabrication  et  de  faci- 
liter  l'dtude  paraadtrique  (preaaion  aoyenne,  frdquence) .  Lea  eaaaia  rdaliada  ont  petaia  de  aaaurer  l'dro- 
aion  aoyenne  du  propergol  et  la  rdpartition  de  l'aaplitude  de  preaaion  dana  la  chaabre  [1]  ;  le  travail 
rdeent  a  portd  aur  l'analyae  du  fonctionneaent  inatationnaire  du  montage  en  vue  de  rechercher  lea  paramd- 
trea  de  couplage. 


Fig.  13  -  Schema  du  montage  destine  d  /'etude  du  couplage  pressionvitesse. 

Lea  dquationa  de  baae  prdaentdec  prdeddenment  aont  utiliadea,  avec  quelquea  mod  if icationa  impo- 
adra  par  lea  conditiona  d'eaaai  et  portant  aur  lea  pointe  auivanta  : 

a)  conditiona  liaitea  8  l'entrde  de  la  chaabre 

dana  lea  exemplea  prdeddeament  traitda,  lea  conditiona  liaitea  amont  correapondaient  ft  un 
fond  avant  rigide  ;  l'exiatence  dana  le  montage  dtudid  maintenant  d'un  gdndrateur  ndceaaite  de 
reprendre  l'examen  de  cea  conditiona.  L'dcoulement  inatationnaire  dans  la  tuydre  dc  raccorde- 
ment  eat  dtudid  par  lea  dquationa  de  baae  en  prenant  pour  origine  la  poaition  aoyenne  du  choc 
de  recompreaaion  auppoad  plan  et  cogue  conditiona  limitea  en  ce  point  cellea  rdeultant  d'un 
choc  oacillant  [11].  Le  calcul  donne  alora  lea  relatione  existant  4  l'entrde  de  la  chaabre 
entre  lea  diffdrentes  amplitudea  c)  ,  y  et  ?.  . 

b)  traitement  dea  diacontinui tda  de  aection 

la  combuation  du  chargement  de  la  chambre  d'experience  fait  apparattre  dea  diacontinuitda  de 
aection  au  fond  avant  et  au  fond  arridre.  Pour  dtablir  les  relatione  entre  lea  valeura  dea 
amplitudea  cf  ,  v  et  s  de  part  et  d'autre  dea  diacontinuitda,  on  a  admia  qu'une  diecon- 
tinuitd  eat  un  canal  divergent  dont  on  fait  tendre  la  longueur  vers  rdro  ;  cette  demarche 
foraellement  simple  eat  sane  doute  criticable. 

devolution  rdelle  de  la  surface  de  combustion  du  chargement  de  la  chambre  eat  ddduite  des 
films  pria  en  cours  d'essai  ;  le  calcul  de  la  section  locale  du  canal,  compte  tenu  de  l'dvolution 
de  la  surface  de  combustion  et  de  l'ablation  du  hublot  de  visualisation  eat  effectud  4  chaque 
instant . 

c)  conditiona  4  l'aval  de  la  chaabre 

le  probldaw  n'eat  plus  ici  de  rechercher  lea  valeura  propres  de  la  frdquence  cooplexe 
puiaque  la  frdquence  eat  iaposde  par  la  modulation  mais  de  traduire  ccapldtemcnt  le  comporte- 
aent  inatationnaire  de  la  tuyire.  Lea  dquationa  de  base  doivent  done  8tre  ccmpldtdca  pour  tenir 
compte  de  la  aodulation  du  col  que  nous  curactdriserons  par  son  amplitude  rdduite  ti.  . 

II  eat  posaible  de  aontrer  que  le  coaportement  inatationnaire  de  la  tuydre  conduit  4  une  relation 
4  vdrifier  dana  son  plan  d'entrde  pour  lea  amplitudes  Of  ,  v  ,  S  et  <f%_  : 

"'J  v 

V  V.  , 

oO  A  eat  1' admittance  rdduite  de  la  tuydre, 

eat  ddfinie  coxae  coadmittance  de  la  tuydre, 

>J  traduit  la  rdponse  de  la  tuydre  4  la  aodulation. 

,  X  et  V/  aont  calculdes  par  intdgration  dea  dquationa  auivantea  : 

V  h*) =  8*  1  *  8(*  ■«)  n”N  •(JOm'i  r  ) 

oil  F  eat  ddflni  par  i  F  -•  a  .trV’-*'V  M*  41  /  V  =  "it  ,  ?r«.  y 

U  \  u 
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•t  oO  t:  traduit  l'effet  local  da  la  Modulation  du  col  : 


L’en*  cable  daa  iquations  itabliea  eat jntigri  nuai riqueaent  et  donne  laa  amplitudes  Of  ,  V  at  5.  an  cha- 
qua  point  da  la  chaabra.  L'aaplitude  aat  coaparie  aux  valaura  mesurfes,  laa  amplitudes  »'*’  at  ?  par- 
aettent  da  priciser  la  phyaiqua  du  phinoaine  at  da  virifier  ai  laa  hypothisea  da  dipart  aont  bian  virifiiaa 
(  \v  l  <v|  an  particuliar). 


La  coaparaison  antra  laa  riaultata  expirimentaux  et  caux  du  calcul  a'eat  aviria  dicavanta.  Lea 
figures  I*  at  IS  donnant  pour  un  aaaai  rialiai  A  500  Ha  et  apris  1,4  a  da  fonct ionnement  l'aaqilituda  da 
praaaion  I -f  I  at  la  diphaaaga  daa  oaclllationa  da  prraaion  par  rapport  aux  oacillationa  da  la  aection  du 

col.  Pluaieura  courbea  thiorlquea  aont  traciaa,  correapondant  respect iveoent  A  une  riponae  atationnaire  du 
propergol  (  ,  expoaant  da  la  loi  da  vitaaaa  da  combustion  atationnaire,  R,,.  •  0) ,  au  aaul  cou- 

plaga  praaaion  (  cW  estimi  1  partir  daa  riaultata  expirimentaux  diji  diaponiblea,  «,r  diduit  da  Rr*r.  ) 
at  1  un  couplaga  praaaion  vitaaaa  dicrit  par  une  relation  du  type  : 

~  ("i  ^  ^  ^  rf  B  ^ 

oil  <—  aat  una  conatanta  nuatriqua, 

A  caractiriaa  1'iroaion  atationnaire, 
r|„,  eat  la  riponae  an  dibic  1  la  praaaion  aeule. 


•  Experience 


Fig.  14  -  Analyse  du  fonctionnement  du  montage  delude  du  Fig.  IS  Analyse  du  fomtionnement  du  montage  d'etude  Ju 
couphge  pression-vitesse  (amplitude  de  pression).  couplage  pression-vitesse  (dephasage  de  prrssion). 


II  apparatt  natteaent  qua  la  ripartition  da  l'amplitude  l  'P  1  at  du  diphaaaga  *«tj  u’  aat  aal 
privue  par  la  calcul  at  qua  dana  cea  conditiona,  il  aat  impossible  de  diterainer  A  partir  daa  aaauraa  da 
praaaion  la  couplaga  praaaion  (an  I'abacnce  d'iroaion)  et  la  contribution  de  l'icoulaaant  (an  priaenca 
d'iroaion).  Piffirentea  obaervationa  aanblent  indiquer  qua  la  fonctionnement  ichappe  3  una  daacription  ao- 
nodiaenaionnalla  an  particuliar  au  niveau  da  l'entrie  de  la  chaabra. 

Noua  avona  iti  conduits  A  rendre  raaponaablaa  daa  icarta  conatatia  lea  conditiona  expiriaentales 
plutSt  qua  l'analyac  du  fonctionneaant .  C'aat  ca  qu'ont  confirnf  dea  aaaaia  rialiaia  aana  ginirateur  et  an 
I'abaance  de  phinoaine  iroaif.  Sur  laa  figurea  lb  „*  17  aont  coapariaa  dana  cea  nouvellea  conditions  laa 
priviaiona  thioriquea  at  lea  aaaurea  A  1000  Ha  et  aptis  I  a  de  fonctionneaant  ;  pour  iliainar  l' influence 
du  riglaga  da  la  audulation  at  du  ayatdac  de  mcsure  aaaocii,  la  module  da  l'aaplitude  da  praaaion  aat  ra- 
aani  A  aa  valeur  au  fond  avant  oil  k  diphaaaga  eat  pris  nul.  Laa  icarta  conatatia  aont  plus  riduita  qua 
dans  lea  conditiona  expiriaentalca  initialea.  L'itude  du  couplaga  praaaion  vitaaaa  aat  done  rioriantia  an 
consiquence,  la  calcul  servant  A  optimizer  las  caractf riatiques  du  nouveau  aontage. 
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Fig.  17  -  Analyse  du  fonctionnement  du  montage  d' etude  du 
couploge  pression-vitesse  sans  generateur  (dephasage  de  press/ on). 


Fig.  16  Analyse  du  fonctionnement  du  montage  dVtude 
du  couploge  pression-vitesse  sans  gfnerateur  (amplitude  de 
press/ on). 


3.6  -  Conclusion 

Lea  equations  linAarisAcs  dc  la  mAcanique  das  fluidas  ont  6t6  utilisiaa  pour  modAliser  la  f  onc- 
tionnaaant  instationnaira  da  qualquas  propulaaura  ou  aunt ages  da  gfositria  siapla.  Au  pris  da  calcula  num£- 
riquas  pau  couteux,  catta  tachniqua  peut  avantageusement  rasiplacar  las  aAthodes  analytiquaa  at  globalaa 
plus  classiques,  lorsqua  la  nombre  da  Mach  da  1' Acouleamnt  aoyan  eat  AlevA  ou  lorsqu'una  daacription  prA- 
cisa  da  la  structure  atationnaira  ast  recherchAe.  L'application  das  Aquations  A  un  propulsaur  convent ionnal 
na  aoulAve  pas  de  problAme,  calls  relative  1  un  aotaur  sans  tuyAre  ast  plus  originals.  La  modAlisation  du 
■ont age  d'Atude  da  la  coaibuation  instationnaira  das  propergols  a  progress^  nais  la  difficile  p rob  1  A  tar  du 
couplaga  prassion-vitasae  n'ast  paa  ancora  rAaolu. 


4  -  ANALYSE  DES  INSTABILITES  DE  COMBUST  I  ON  CAMS  LE  DCMAINE  BON  L1NEA1RE 
4.1  -  Object  if s 

Dans  la  cas  das  inatabilitAs  de  combustion  A  prAdominanca  longitudinals,  la  prassion  moyenne  ast 
pau  affectAe  par  las  oscillations  tant  qua  leur  amplitude  relative  ne  dApasse  pas  appraximativement  5X,  li¬ 
mits  raramant  attaints  an  pratique. 

La  critire  rclatif  au  ccnportement  d'un  propulsaur  vis-A-vis  das  instabilitis  da  combustion  pour- 
fa  done  ?tre  pour  la  constructeur  plus  l'amplitude  maximala  admissible  das  oscillations  da  prassion  qua  la 
stabilitA  absolue.  La  prAviaion  dss  nivasux  d' instabil it A  ast  done  d'un  grand  intArSt. 

L'amplitude  das  oscillations  da  prassion  ast  limitAe  par  das  phAnomAnes  da  caractAra  non  linAaire 
at  la  racours  au  calcul  numArique  ast  done  indispensable.  Compte  tanu  da  la  dimension  du  problAme,  nous 
avons  choisi  d'Atudier  dans  une  pramiAra  Atapa  la  comport cmant  instationnaira  non  linAaire  d'un  chargement 
si^la  (perforation  cylindrique,  tuyAre  non  intAgrAa)  susceptible  d'Stre  dAcrit  par  das  Aqustions  monodi¬ 
mans  ionnal  las.  La  travail  ast  done  dans  son  spproche  du  aioins,  analogue  A  ceux  conduits  par  Levina  at 
Culick  d'una  part  112),  Hooker  at  Zinn  d'autra  part  113]  ;  qualquas  diffArences  existent  par  contra  au  ni¬ 
veau  da  la  modAlisation  das  phAnomAnes  at  las  techniques  numAriques  utilisAes.  Un  support  axpArimsntal 
constituA  par  qualquas  essais  affsctuAs  dans  las  conditions  ratanues  pour  la  calcul  a  AtA  mis  parallA lament 
an  place.  Catta  pramiAra  Atapa  a  permis  da  dAgager  las  possibilitAs  at  las  limitas  de  ce  type  da  simulation 
numArique,  an  vue  de  dAvaloppamanta  plus  smbitieux. 


4.2  -  Description  du  modAla 

Touts  approcha  numArique  d'un  problAsm  instationnaira  impose  una  discrAt isation  spat  isle  at  tem¬ 
poralis  das  Aquations  dAcrivant  las  phAnomAnes  mis  an  jau.  Nous  avons  recherchA  ici  una  technique  numArique 
permettant  da  traltar  da  maniAre  homogAne  las  Aquations  da  l'Acoulamant  at  cellea  traduisant  la  combustion 
du  propergol.  La  tachniqua  das  volumes  finis  a  AtA  ratanua  an  fonction  da  1'expArience  acquisa  A  1 'ON ERA 
pour  la  rAsolution  da  problAmes  variAs  [14,  15]  at  da  son  caractAra  modulaira  permettant  de  prendre  facile- 
mant  an  compta  das  conditions  limitas  qualconquas,  das  changements  sisAs  daa  modAles  phyaico-chimiques 
choisis  ou  una  amAlioration  das  interpolations  A  I'intArisur  da  cheque  volume  AlAmentaire. 

La  chambra  da  combustion  at  la  tuyAre  sont  dAcomposAes  an  un  assayings  monodimans  ionnal  da  cel¬ 
lules  dont  l'Avolution  ast  controlAe  par  las  diffArants  flux  A  laurs  interfaces  ;  lea  mAcanismes  da  com- 


bust  ion  introduisent  en  particular  del  flux  pariytaux  sur  cheque  cellule  de  la  chaabre.  Pour  traiter  cea 
ndcaniaoea  de  combustion,  on  a  recoura  8  une  technique  similaire  en  associant  8  cheque  cellule  gazeuae  un 
certain  nombre  de  cellulea  disposees  lateralement  dans  le  propergol  (figure  18). 

Le  coaportement  dans  le  temps  de  chaque  cellule  est  d£crit  par  un  systeme  d'cquations  instation- 
naires  traduisant  lea  bilans  de  diffdrentes  grandeurs.  Ce  systeme  est  int£gr£  dans  le  temps  apres  initia¬ 
lisation,  le  calcul  faisant  alora  apparaitre  naturellement  la  stability  ou  1’ instability  naturelle  du  pro- 
pulaeur  ;  dans  le  cas  d'un  comportement  naturellement  stable,  une  perturbation  du  fonctionnement,  corres¬ 
pondent  par  exemple  8  la  mise  8  feu  d’un  impulseur,  peut  etre  schematisee  et  permettre  d'8tudier  la  ryponse 
du  moteur  complet  8  une  sollicitation. 

La  description  detaillde  du  module  developp^  fera  l'objet  d'une  publication  ulterieure,  nous  ne 
ferons  qu'en  donner  ici  lea  principaux  elements  . 


Assemblage  monodimensionnel 


T 


MOTEUR  COMPIET 


COMPORTEMENT  LOCAL 
PU  PROPERGOL 


Fig.  18  -  Analyse  de s  tnstabdites  de  combustion  dons  le  domaine  non  lineaire  :  schematisation  du  probleme. 


A. 2.1  -  Modele_de  combustion 

Le  choix  du  modele  de  combustion  est  ici  primordial.  L'exposS  du  modele  retenu  a  fait 
dans  la  r€f€rence  [16],  11  a  et§  etabli  en  vue  de  son  utilisation  syst€matique  au  niveau  num^ri- 
que  et  un  certain  nombre  de  simplifications  se  sont  averse*  n^cessaires.  Au  point  de  vue  de  sa 
formulation,  ce  module  ne  pr€sente  pas  d* originality  par  rapport  aux  travaux  parus  ant€rieurement 
dans  la  literature  :  il  s'agit  d'un  modele  thermique,  l'aspect  instat ionnaire  de  la  conduction 
de  la  chaleur  etant  rendu  responsable  du  fait  que  la  vitesse  de  combustion  ne  s'ajuste  pas  instan- 
tenement  aux  conditions  locales  de  pression/et  d*un  mod die  semi  explicite  ,  puisqu'il  est  fait  d 
la  fois  appel  h  une  description  analytique  dee  reactions  de  surface  (loi  d'Axrhdnius)  et  aux 
donn€et  exp^rimentales  stationnaires  et  instationnaires  de  combustion.  Dans  ces  conditions  on  ra- 
mdne  le  probleme  &  1 '  integration  de  liquation  de  la  chaleur  dans  un  milieu  semi  inf  ini  : 


?*T  ^  uy  0,~r  *  'c>-r 

'TVr  ‘  e\r  rd>c-  0  CT 


avec  lea  conditions  initials  et  limite  : 
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Lx  fonction  .‘t'fvk,  p(O)  depend  de  l’approche  choisie  pour  eetimer  la  density  de 
flux  q,*  entrant  dans  le  propergol  vierge.  Suivant  I'approche  proposee  par  Zeldovich,  on  peut 
admettre  que  la  loi  p)  peut  Stre  St  endue  du  stationnaire  8  1  ’  ins  tat  ionnaire  ; 

l,exPr*a*i°u  exacte  de  St  fait  alora  apparaitre  la  loi  de  vitesse  de  combustion  stationnaire 
en  fonction  de  la  pression  et  de  la  temperature  initiate  7Z  .  II  est  ygaleaent  possible 
d’ adopter  la  ddmarche  des  chercheura  de  l1  University  de  Princeton  (tsodSle  KTSS)  ;  on  suppose 
alora  que  la  density  de  flux  requ  par  la  surface  de  combustion  de  la  rone  de  flame  peut  etre 
exprimSe  par  une  loi  universelle  : 

C|s-  = 

od  est  dyterminye  8  partir  de  la  loi  stationnaire  1  une  tempyrature  initiate  de  rtft- 

rence. 


Nous  avons  tenty  pour  un  propergol  composite  connu  de  recaler  ces  difffrents  modcles  par 
rapport  aux  donndes  expS rimentales  disponibles  afin  de  mettre  en  evidence  lea  diffyrences  de  com¬ 
portement  instat ionnaire  qu'ils  impliquent.  Chaque  module  ftudiy  posaide  ses  propres  limites 
1^*'  *u  fait  que  las  donnyea  expSrimentales  sont  dytermindes  dans  un  domaine  de  tetq>yrature  ini¬ 
tials  ou  da  pression  trop  dtroit.  Pour  dea  effeta  non  lindaires  peu  prononcys,  lea  deux  meddles 
conduisent  8  des  rdsultats  proches. 


k 


L a  taapdratur*  i net  ant and*  da  tit 


a*  ddduit  da  la  viteaar  in* taut  and*  : 


“If.  »  Tf<l  -►  ^  p.  (<  ))  —  T-*  ^ 


11  aat  poaaibl*  d«  raaanar  lc  probUat  ainai  poad  4  la  rdaolution  d'unc  aquation  intdgra- 
1#  non  lindaire  pv-ur  crx  . 

4.2.2  -  Trai tenant _nuarfriqu*_du  noddl*_d*  conbuation 

La  tachniqua  daa  volume*  finia  a  dtd  appliqudr  1  la  rdaolution  du  probid**  thermique  •Mo¬ 
di  au  noddle  da  conbuation.  Paralldlanant,  la  rdaolution  nundrique  da  1' equation  integral*  qui 
an  ddriv*  a  iti  affactuia  ;  plua  lourda  I  mattr*  an  oauvra  qua  la  prdcddente  maia  plua  prdciae, 
catta  rdaolution  a  aarvi  1  validar  laa  calcula  affactuia  avar  la  tachniqua  daa  volunra  finia  dan a 
la  doaaina  non  lin<aira.  La  validation  daa  calcula  a  dgalrawnt  dtd  faita  par  ccaiparaiaon  avac  laa 
calcula  analytiqua*  dan*  la  doaaina  lindariad  :  rdponae  4  una  oacillation  harnoniqua  da  praaaion 
ou  1  una  variation  aaponontlalla  da  praaaion. 

Pour  aa  raaanar  1  un  doaaina  d'dtuda  born! ,  noua  poaona  : 


(-*£) 


'<■*  %-  • 

Caa  changananta  ont  pour  affet  d'adiaanaionnar  Ira  diffdrentea  grandeur*,  dr  dilatar  la 
aona  voiaina  da  la  aurfaca  da  conbuation  at  da  contracter  la  aona  oQ  la  tanperatura  tend  vara  aa 
valaur  initial*,  rendant  ainai  la*  gradianta  plua  hanogdne*. 

L'dquation  4  intdgrar  deviant  done  : 
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Pour  un*  inatabilit#  da  conbuation,  1*  profit  dvolu*  autour  da  la  droit* 

•  •  3  • 

Dana  l'aapac*  tranaformd,  l'dquation  aat  diaerdtiade  aur  un  nonbre  *•*  da  tranche*  d'dpaia- 
aaur  dgala*  (figure  19).  L' integration  da  l'dquation*  aux  ddrivdea  partiallra  aur  la  tran¬ 

che  A3  conaiddrd*  conduit  formallenent  4  l’dquation  : 

-  [c^oci-i^-ec , 

oD  O  aat  la  valaur  noyann*  da  f3  dana  la  cellule,  r*  at  M  lea  indicea  daa  intervallea 
anont  at  aval.  La  probldn*  aat  alora  raaend  4  l'axpraaaion  daa  valaur*  d'intarfaca  an  function 
daa  valaur*  noyann**  dan*  lea  diffdranta*  cellule*  : 

a  -  cellule*  intanaddiairaa 

on  a*  aatiafalt  d' interpolation  lindair*  du  type  ! 
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vPftVi  A  3  Vt*5,>  A^, 

b  -  pranidr*  cellule  (aurfaca  da  conbuation) 

una  approximation  paraboliqua  du  profit  aat  utiliad*  an  conjonction  avac  la  condition  limit* 

M  (Os-  »(V. T>)  *  ^  *  o  . 

* 

c  -  darnidr*  cellule 

1'axpdriaoc*  a  nontrd  qu'un  traitanant  particuliar  doit  Str*  rdaervd  4  catta  cellule  car  1* 
changanant  da  variable  affactud  peut  conduira  4  daa  valaur*  /  nulla,  finia  ou 

inf  ini*. 
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Fig.  22  -  Reponse  du  modele  de  pression  a  une  croissance  ou  a  une  decroissance 
exponent  telle  de  pression  :  influence  de  la  variation  Ap. 


tee  equations  di£ ferentielles  ainsi  definies  seront  integrees  en  meme  temps  que  les  equa¬ 
tions  de  l'ecoulement.  II  y  a  done  int£ret  a  limiter  le  nombre  dee  cellules  pour  rSduire  le  temps 
de  calcul.  L'objectif  etant  de  pouvoir  prendre  precisement  en  compte  des  variations  de  pression 
de  l'ordre  de  1  t,  nous  avons  ete  amenes  A  choisir  tsi  -  10. 

Les  figures  20,  21  et  22  illustrent  les  resultats  obtenus  dans  le  cas  devolutions  impo- 
sees  de  la  pression  : 

1  -  evolution  haraonique  de  la  pression 

dea  oscillations  de  pression  dont  la  frequence  physique  variait  de  400  a  4500  Hz  et  1' ampli¬ 
tude  crete  riduite  de  I  t  9  10  2  ont  et6  simulees.  Apres  etablissement  de  1' oscillation  de 
vitesse  de  combustion,  une  analyse  de  Fourier  est  conduite  pour  mettre  en  Evidence  la  non 
lin£arit£  de  reponse  du  propergol  (distorsion  de  l'oscillation,  augmentation  de  la  vitesse 
moyenne)  : 

-  Ap,  -  II,  les  resultats  de  l'analyse  lineaire  sont  retrouves  precisement  meme  a  haute  fre¬ 
quence, 

-  influence  de  Ap,.  :  la  figure  20  illustre  la  distorsion  de  l'oscillation  de  vitesse  de  com¬ 
bustion  pour  une  pSriode  reduite  de  I  (  f  -  438  Hz)  lorsque  Apt  passe  de  1  t  a  10  I. 

La  figure  21  resume  1'influence  de  Ap,  sur  l'amplitude  et  le  d£phasage  A  438  Hz  de  la  ccm- 
posante  harmonique  fondamentale  et  de  son  premier  harmonique  ;  les  amplitudes  sont  ramenees 
8  la  valeur  linearisee.  La  non  linearity  du  ph8nom8ne  se  manifeste  des  que  Ap,  depasse 
21,  l'effet  est  encore  plus  marque  lorsque  la  frequence  correspond  au  maximum  de  la  partie 
reelle  de  la  reponse  lin£aire  du  propergol.  Pour  les  fortes  anplitudes  Ap,  ,  le  calcul 
indique  la  possibility  d'une  extinction  dynamique  du  propergol. 

2  -  evolution  exponentielle  de  la  pression 

les  resultats  de  l'analyse  linAaire  sont  retrouves  pour  une  transition  exponentielle  entre 
deux  niveaux  de  pression  dont  l'acart  relatif  est  de  1  &  ;  les  differences  devolution  de  la 
vitesse  instantanee  sont  marquees  pour  une  augmentation  de  pression  de  1001  ou  une  diminution 
de  50X  (figure  22). 

Les  resultats  obtenus  pour  le  traitement  numerique  du  modele  de  combustion  sont  apparus 
suffisamment  interessants  au  point  de  vue  precision  et  temps  de  calcul  pour  que  ce  mode  de  trai¬ 
tement  soit  introduit  dans  le  modele  complet. 


L 


n  i 
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4.2.3  -  Equation*  de_l^*coulesient  et_trai tenant  numdrigue 

L'dcoulement  dtudi*  e*t  cclui  d'un  fluid*  monophasique  ;  l'extension  4  une  description 
biphaaique  de  l'ecoulement  sera  faite  par  la  suite,  elle  n'iaplique  pas  a  priori  de  modifications 
de  structure  du  program*  mais  seulement  le  traitement  d'un  nombre  plus  *lev*  d'dquations. 

Les  equations  de  depart  sont  les  relations  de  bilan  sous  forme  integral*  pour  l'espace  et 
diff*rentielle  pour  le  temps.  Four  une  cellule  deformable  quelconque  de  volume  lT  et  de  surface 
A  •  on  dcrira  dans  le  cas  g*n*ral  : 


oil  p  est  la  masse  volumique,  ^  une  grandeur  massique,  M  la  vitesse  du  fluide,  v,  la 

vitesse  de  deplacement  de  la  parol  de  la  cellule,  n  la  normal*  extfrieure  et  la  production 

volumique  de  la  grandeur 

Les  inconnues  de  base  sont  ici  les  grandeurs  moyennea  (non  indicees)  3  l'interieur  du  vo¬ 
lume  LT  considere,  le*  inconnues  auxiliaires  sont  done  les  grandeurs  aux  interfaces  (indice  >•  ) 
suppose**  constant**  sur  de*  portion*  A.  de  surface  : 

)  -  ~  2  C'T-v'p.).  FT.  a,  ^ 


Appliqu^  d  1' assemblage  monodimens ionnel  de  cellules  de  la  figure  18v  cette  Equation  con* 
duit  done  pour  chaque  cellule  &  : 

=  - 1  ' 

tr  =  -  [pv'a1^  -  W  Aj;  *  3m  / 

XJT  ))  =  -  i  p(^h  -*  ^Ir)^  ♦  *4  H  fTV  )  . 

ou  P  et  M  sont  4  nouveau  le*  indices  des  interfaces  aaont  et  aval. 


Les  valeur*  d' interface  sont  exprimfes  de  la  faqon  suivante  : 
a  -  cellules  in termed  is ires  : 


Pm  -  ,  P*  '  ,  '/m 


b  -  premidre  cellule  (fond  avant)  : 


Vm  «  ^  p  (2^ 


c  -  dernidre  cellule  (sortie  tuydre)  : 

extrapolation  lin*aire  sur  1' interface  p  4  partir  de  la  valeur  interne  et  de  la  valeur  sur 
1' interface  M  ;  cosne  l’deoulement  est  supersonique  dans  cette  r*gion,  le  calcul  est  'sen¬ 
sible  4  cette  hypothdse. 

Les  equations  relatives  4  l’*coulement  et  4  la  combustion  sont  regroup***  au  niveau  d'un* 
cellule  (sauf  pour  la  tuyire  oil  ne  subsistent  que  les  equations  de  1  'dcoulement)  :  dans  chaque 
tranche  subsistent  done  troi*  inconnues  p  ,  et  p  pour  la  phase  gaxeuse,  M  inconnues 

O.  pour  la  phase  solid*  et  l'inconnue  suppiementaire  ©*  life  4  la  temperature  de  surface  du 
propergol.  Chacune  de  ces  inconnues  ob*it  4  une  equation  differentielle  ordinaire  : 


‘JiL  =  C  Glj,  t  ) 

r 

L' integration  temporelle  est  effectuee  aprds  initialisation  par  une  methode  d' integration 
simultande  de  Runge-Kutta  du  quatridme  ordre.  L*  pas  en  temps  est  limit*  par  des  conditions  de 
stabilitf  :  crit*re  de  Fourier  pour  le  problem*  thermique,  crit*re  de  Current-Friedrich-L*vy  pour 
le  calcul  de  l'*coulement.  Le  second  crit*re  est  plus  pdnalisant  que  le  premier  ;  il  s'est  av*r* 
possible  de  travailler  avec  deux  pa*  en  temps  different*  pour  r6duire  le  temps  de  calcul  (  * 

2  us  pour  l'*coulement,  At-  •  10  us  pour  le  probldme  thermique). 


4.2.4  -  sequences  du_calcul 

a  -  introduction  des  parametres  definissant  le  problem*  :  geometric  du  foyer  (cylin- 
drique  circulaire)  et  de  la  tuydre  (biconique  4  rayon  de  courbure  constant  au  col),  ca- 
ractfristiques  physiques  du  propergol,  caractfristiques  thermodynamiques  du  propergol  et 
des  produits  de  combustion,  caractfristiques  cindtiquee  du  propergol  (meddle  de  combus¬ 
tion),  tesg>*rature  initiate,  nombrea  de  cellules  dans  le  foyer,  la  tuydre  et  le  proper¬ 
gol  ; 

b  -  recherche  du  regime  stationnaire 

une  initialisation  des  inconnues  de  base  est  r*alis*e  par  une  approximation,  du 
T*giB*  stationnaire.  Le  r*gime  stationnaire  exact  est  alors  recherche  par  la  method*  g*- 

aitala  iastatiooaaira ,  an  gardant  toutafois  4  la  vitaaaa  de  combustion  et  4  la  te^>*ra- 


ture  de  flaxaw  lcurs  valeurs  stat ionnaires .  Una  foie  la  regime  atationnaira  attaint 
(atabilitd  daa  grandeurs) ,  laa  valeura  daa  inconnuaa  da  baaa  qui  aaront  util  lades  par  la 
auita  aont  mises  an  mdmoire  ; 


c  ~  dtude  da  la  stability  naturalla  du  propulaaur  : 

la  calcul  aat  rapria  an  ddterminant  aaintanant  d  chaqua  inatant  la  profit  tharaiqua 
dana  la  propargol  d  chacuna  daa  poaitiona  conaiddrdes.  Si  la  propulaaur  aat  naturelle- 
aant  xiatable,  lea  grandaura  aa  mcttant  d  oacillar  progreaaivaaant  at  la  calcul  aat  arret* 
loraqua  laa  oacillatione  aont  atabilisdes.  Si  la  propulaaur  aat  natural leairnt  stable,  il 
n'y  a  aucune  {volution  daa  grandaura  d  partlr  da  laura  valaura  atat ionnairaa  ; 

d  -  dtude  da  l'aaortisseaent  du  propargol  : 

dana  la  caa  d'un  fonctionnement  naturalleaiant  etable,  la  calcul  aat  deatabilied  an 
simulant  un  ddbit  suppldmentaire  dana  la  premidre  cellule  pendant  un  court  inatant  de 
faqon  d  schdmatiaer  par  example  la  deflagration  d'una  charge  pyrotachnique  au  fond  avant. 
L' amort iaaament  daa  parturbationa  du  fonctionnement  ainai  provoqudes  eat  calculd. 

4.3  -  R* aul tat a 

La  miae  au  point  du  prograaue  cat  acquiae  maia  aon  exploitation  n'a  paa  encore  dtd  faite  ayatdma- 
tiquement.  Lea  rdsultats  donnds  le  aeront  done  uniquement  d  titre  indicatif.  Lea  conditiona  d'appl i cat iona 
correapondent  au  propulaaur  achdmatisd  aur  la  figure  23  :  la  longueur  initiate  de  la  chambre  eat  600  mm, 
le  diamdtra  initial  70  mo,  le  propergol  eat  un  compoaite  non  odtallisd  d  liant  polybutadidne,  la  chambre 
eat  dderite  par  100  cellulea,  la  tuydre  par  40  cellules,  le  propergol  par  100  x  10  cellulea. 

La  figure  24  donne  Involution  dana  le  tempa  de  la  preaaion  au  fond  avant  (  pA«  ),  au  fond  ar- 
ridre  (  p*,*  )  et  d  la  position  6  (  pc  )  pendant  et  aprds  la  destabilisation  du  propulseur  qui  s'eat 

avdrd  natural  lament  stable  dans  la  configuration  gdomdtrique  initiate.  La  figure  25  donne  lea  dvolutiona 
correapondantea  de  la  vitease  de  combustion  au  fond  avant  et  dana  la  position  6.  L'dtabl iaaament  du  rdgime 
pdriodique  eat  prdcddd  par  une  phase  complexe  correspondant  au  transit  de  la  perturbation  du  fond  avant 
au  fond  arridre,  d  aa  rdflexion  dans  la  tuydre  puis  d  la  compoaition  des  perturbations  progressive  et  rd- 
greaaive. 

Le  fonctionnement  du  moddle  apparatt  pour  1' instant  aain,  la  arule  difficult*  pratique  rdaide 
dans  1' importance  du  temps  de  calcul  (I  ma  dana  la  phase  d' instabi litd  correspond  d  10  mn  de  calcul  aur 
IRIS  80).  II  eat  possible  d'abaiaaer  le  tempa  de  calcul  on  rdduiaant  le  nombre  de  cellules  maia  la  prdciaion 
du  calcul  en  aouffre. 


Fiq.  2.1  Schema  du  propulseur  EtudlE  expErlmentalement  el  simuh ‘  numEriquement . 


■ 


FiQ  24  REponst  d'un  propulseur  stable  i)  une  excitation  . 
calcul  des  Evolutions  de  presslon. 


hq  .’5  REponse  d  un  propulseui  stable  0  une  excitation 
i  ah  ul  des  evolutions  de  citesse  de  <  ombustion. 


4.4  -  Eaaais 

Un  caitain  nombre  d'rssals  aont  en  coura  de  realisation  »ur  to  propulseur  schematise  aur  la  figu¬ 
re  23  an  vua  d’une  compare i non  th6orie-expf rience  pour  deux  propergola  respect ivement  non  metallise  et 
metallise.  Le  f onrt ionnement  a’eat  avert  stable  dsns  lea  deux  css,  aussi  a-t-on  6t6  conduit  il  destabiliser 
le  propulssur  par  des  impulaeurs  pyrotechniquea .  Lea  figures  26  at  27  illustrsnt  las  rtsultats  obtenus 
aprts  I  s  de  fonctionnssient  pour  las  pressions  relevdes  su  fond  svant  et  au  fond  arridre. 

Lea  evolutions  de  pression  mesurdes  sont  asses  comparables  quslitstivement  pour  lrs  deux  proper- 
gols  an  depit  d'une  difference  notable  dans  l'augsientstion  initiale  de  pression.  I«s  oscillations  de  Is 
pression  su  foud  svant  prbsentent  un  front  de  montde  raide  suivi  d'une  decroissance  plus  lente,  le  phdno- 
men*  eat  mi  ins  masque  au  fond  svant.  Des  hsrmoniques  appareissent  euperposdes  4  la  frequence  fondssientsle 
de  chambre.  L' amort iasement  des  oscillations  est  rapids  surtout  dans  le  cas  du  propergol  metallise,  aprts 
dispsrition  das  oscillations  Is  pression  n'est  pas  encore  revenue  4  as  valsur  stationnaire . 

La  cosipsraison  entre  1' experience  et  le  cslcul  sera  fsite  dsns  lea  prochains  id  is  ;  certains 
sjustasMnts  sont  necessaires  pour  retrouver  la  phase  initiale  du  phtnontne,  en  psrticulier  en  cc  qui  con¬ 
cerns  le  fnnetionnement  de  l'impulseur.  Lea  courbes  de  Is  figure  24  d'une  part,  des  figures  26  et  27  d'au- 
tre  part  ne  peuvent  2tre  cosipartes. 

P(b) 


Fig.  26  Reponse  d'un  propulseur  stable  d  une  excitation  :  mesure  des  pressions  (propergol  non  metallist). 


Fig.  27  Reponse  d'un  propulseur  stable  d  une  excitation  :  mesure  des  pressions  (propergol  metallise). 


4.5  -  Conclusion 

Una  simulation  numirique  du  fonct ionnenent  instat  ionnaire  non  lintaire  d'un  propulseur  geomdtri- 
quenent  simple  a  6t6  ttablie.  Le  noddle  physique  adoptC  ne  comports  qu'un  minimum  de  simplifications  au  ni¬ 
veau  de  l'Ccoulenent  (y  compris  dans  Is  tuyere)  at  au  niveau  de  la  combustion  du  propergol  traitfe  loca- 
lement.  Lss  Unites  du  noddle  ne  sont  pss  encore  dtgagtee.  Le  choix  des  donndea  d'entrte  revSt  naturelle- 
nent  une  grands  importance  et  dans  le  cas  d'un  fonct ionnenent  nature  1  lament  stable,  la  modelisation  de  la 
perturbation  pose  un  probldme  supplemental™.  L'dtude  d'un  fonct  ionnesmnt  natural  lament  instable  aemble- 
rait  done  a  priori  plus  facile  nais  nous  ne  diapoaons  pas  pour  l'inatant  de  mesurea  dans  ce  cas. 


5  -  RECAPITULATION 


Las  probldama  rencontres  au  cours  du  devsloppement  de  propulaeurs  d'architecture  compliqude  sont 
encore  pau  accessiblcs  4  la  modelisation.  Une  approche  purement  experimentale  de  ce  probldme  utilisant  des 


22*2 
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3  tchelle  rfduite  a  ttt  dtudide  ;  elle  offre  la  possibility  de  determiner  lea  nodes  potentiels 
d' instability  et  lea  tenpa  critiques  da  fonctionnencnt  et  done  de  prdciser  le  phenomdne. 

Paral Idlement  1  cette  Etude  expdrinentala  sont  diveloppdes  des  mdthodes  4  carsctdre  semi  analy- 
tiqua  (donai-r  lines ire)  ou  numfrique  (demsine  non  lindaire)  en  vue  de  perfectionner  lea  moyens  prevision- 
nela.  L‘ integration  numirique  des  equations  lintaristes  permet  de  traiter  lea  interactions  fortes  entre 
l'acoustiqua  et  l'dcouleaent  noyen  coaa  dans  le  caa  du  propulseur  sans  tuyire  ou  de  determiner  predsement 
la  structure  acouatiqua  dans  das  conditions  plus  classiquea  ;  l'application  de  cette  technique  4  la  recher¬ 
che  du  c oup 1 age  pression  vitesae  n'a  pas  conduit  aux  rCsultats  escoaptCs  en  raison  de  difficultSs  d'ordre 
experimental.  I' analyse  numdrique  coalite  du  fonctionnenent  inatat ionnaire  d'un  propulseur  geomgtriquement 
simple  a  hi  rdalisde  et  eat  en  cours  d'exploitation.  L'extension  de  cette  mdthode  4  des  chargement  com¬ 
plexes  peut  etre  techniquenent  envisagde  ;  une  optimisation  de  la  mdthode  numdrique  devra  etre  recherchee 
pour  limiter  le  temps  de  calcul. 
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DISCUSSION 

L.l'aveny,  Princeton  University,  US 

When  ONI  RA  presented,  to  the  open  literature  in  1973,  their  important  contribution  of  modulated  concepts  this 
aroused  considerable  interest  in  the  USA.  When  you  compared  the  data  to  the  analysis.  I  think  you  may  be  too 
severe  on  yourself  in  criticising  the  agreement  obtained.  In  working  with  your  test  motor  with  losses  of  the  type 
involved  then  you  have  another  correction  difficulty  which  will  not  be  present  in  a  real  rocket  motor  Therefore 
possibly  your  measurement  of  phase  angle  and  amplitude  would  be  a  little  better  in  the  real  case. 

Author's  Reply 

I  think  (hat  m  order  to  arrive  at  essentially  interesting  results  it  is  necessary  to  have  a  greater  accuracy  or  precision 
in  data. 
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ABSTRACT 

Experimental  and  analytical  tools  for  minimizing  the  risk  of  combustion  instability 
in  solid  rocket  motors  are  briefly  reviewed.  With  this  as  an  introduction,  examples  of 
practical  application  to  motors  are  discussed.  Both  successful  and  unsuccessful  examples 
are  described  for  large  and  small  rocket  motors.  Included  are  discussions  of  laboratory 
characterization  of  particle  damping  associated  with  a  metallized  propellant  and  optimi¬ 
zation  of  particle  damping  to  eliminate  pressure  oscillations  in  a  tactical  solid  rocket 
motor.  In  addition,  prediction  of  motor  behavior  and  comparison  with  motor  firing 
results  are  presented  for  solid  rocket  motors  used  in  the  NASA  Space  Shuttle  system.  The 
paper  will  conclude  with  a  realistic  assessment  of  the  practical  state-of-the-art  of 
combustion  instability  technology. 


INTRODUCTION 

Combustion  instability  in  a  solid  rocket  motor  is  a  result  of  pressure  waves  travel 
ing  in  the  motor  cavity  and  becoming  attuned  to  one  or  more  natural  acoustic  frequencies 
associated  with  the  cavity.  The  result  is  combustion  pressure  oscillations  that  could 
lead  to  one  or  more  of  the  following  problems  affecting  the  performance  of  a  rocket 
motor:  (a)  mechanical  vibrations,  (b)  variations  in  the  design  thrust  characteristics, 

and  (c)  catastrophic  failure  (c.g.,  case  rupture). 

In  general,  combustion  instability  is  a  natural  phenomenon  in  solid  rocket  motors. 
Sources  of  pressure  perturbations  are  always  present  (e.g.,  ejecta  from  the  nozzle); 
however,  if  acoustic  energy  losses  (damping)  exceed  acoustic  energy  gains  (driving)  in 
the  motor,  the  resulting  pressure  oscillations  will  be  damped  and  the  motor  will  return 
to  a  stable  mode  of  operation.  If  acoustic  energy  gains  exceed  losses,  the  amplitude  of 
the  pressure  oscillations  will  increase  with  time  and  the  potential  for  the  aforemen¬ 
tioned  problems  exists. 

Considerable  research  has  been  conducted  in  past  years  to  improve  the  understanding 
of  combustion  instability  phenomena.  Unfortunately,  the  complexity  of  the  problem 
precludes  a  simple  experiment  or  analysis  that  would  provide  solutions  for  all  motor 
problems.  However,  progress  has  been  made  to  the  extent  that  corrective  action  can  be 
recommended  based  on  systematic  laboratory  tests  and  analysis.  Figure  1  shows  different 
types  of  acoustic  energy  gains  and  losses  associated  with  a  solid  rocket  motor.  In 
general,  the  risk  of  combustion  instability  is  minimized  by  minimizing  acoustic  energy 
gains  and/or  maximizing  acoustic  energy  losses  in  the  motor. 


•  MEAN  FLOW  INTERACTIONS  \ - STRUCTURAL  DAMPING 


NET  ACOUSTIC  ENERGY  • 

ACOUSTIC  ENERGY  GAINS  -  ACOUSTIC  ENERGY  LOSSES 

Figure  l.  Acoustic  Processes  Associated  With  Solid  Rocket  Motors. 

Combustion  instability  technology  has  evolved  from  not  one,  but  numerous,  research 
and  development  programs.  Three  aspects  of  this  technology  are  listed  to  allow  a  partial 
review  of  advances  made  in  recent  years: 


o  Maximizing  acoustic  energy  losses  (particle  dumping) 

o  Minimizing  acoustic  energy  gains  Icombustion  driving) 

o  Motor  stability  analysis 

These  topics  are  presented  in  terms  of  simple  logic  diagrams  which  are  used  in  subse¬ 
quent  discussions  dealing  with  motor  applications. 

Maximizing  Acoustic  Hnergy  Losses  (Particle  Damping).  Aluminum  powder  was  first 
incorporated  in  propellants  as  an  energetic” additive.  However,  a  bonus  effect  resulted 
from  the  formation  of  small  droplets  of  aluminum  oxide.  These  condensed  phase  products 
from  aluminum  combustion  fill  the  motor  cavity  and  provide  appreciable  damping  of  pres¬ 
sure  oscillations.  For  a  time,  it  was  believed  that  all  combustion  instability  problems 
in  motors  could  be  solved  by  simply  adding  aluminum  powder  to  the  solid  propellant 
formulation.  But  this  was  a  short-lived  opinion  (Ref.  1).  It  was  found  that  the  magni¬ 
tude  of  damping  is  dependent  upon  droplet  diameter  and  oscillation  frequency  (Ref.  2,  3, 
and  4),  and  the  mean  diameter  of  the  droplets  is  not  always  the  correct  size  to  damp  the 
prevailing  frequency.  Recent  development  in  particle  damping  theory  allows  graphic 
examination  of  these  dependencies  (see  Figure  2).  Here  the  particle  damping  is  expressed 
as  the  pressure  amplitude  rate  of  decay  (seC'M.  It  can  be  seen  that  if  a  motor  exhibits 
pressures  oscillations  at  a  frequency  of  2000  Hz,  optimum  particle  damping  would  occur 
if  the  mean  diameter  of  the  particle  cloud  is  approximately  b  am.  Similarly,  for  4000 
Hz,  the  optimum  mean  diameter  would  be  approximately  4  am.  The  fact  that  an  optimum 
diameter  exists  for  maximum  damping  at  a  given  frequency  is  an  important  point.  Of 
equal  importance  is  the  fact  that  aluminized  propellants  do  not  always  provide  droplets 
of  an  optimum  size.  Both  of  these  facts  bear  on  one  motor  example  to  be  discussed 
later . 


DIAMETER.  MICROMETERS 

Figure  2.  Particle  Damping  Dependency 
Upon  Particle  Size  and  Frequency. 


Kith  the  above  technical  details  established,  the  discussion  of  approach  can  be 
continued.  In  recent  years  sufficient  advances  have  been  made  in  research  studies  to 
allow  development  of  a  scheme  for  optimizing  the  damping  associated  with  an  aluminized 
solid  propellant  used  in  a  given  motor  design.  This  scheme  is  shown  in  Figure  3  (Ref.  S 
and  6).  Briefly,  the  damping  of  an  aluminized  propellant  is  determined,  and  if  calcu¬ 
lated  to  be  non-optimum,  the  propellant  formulation  is  tailored  to  provide  the  optimum 
damping. 

To  appreciate  the  complexity  of  combustion  instability  phenomena  and  the  simplicity 
of  the  scheme  shown  in  Figure  3,  a  detailed  description  of  the  approach  (as  followed  by 
the  Naval  Weapons  Center)  is  warranted.  Given  a  propellant  sample  from  a  motor  that 
exhibits  combustion  pressure  oscillations,  high-speed  motion  picture  photography  studies 
are  conducted  in  a  pressurized  window  bomb  to  examine  how  the  aluminum  powder  (propellant 
ingredient)  behaves  at  and  near  the  propellant  surface  during  propellant  combustion. 
Typical  behavior  is  accumulation  of  the  powder  on  the  propellant  surface,  agglomeration 
of  accumulates,  and  the  formation  of  molten  aluminum  droplets  that  can  have  diameters 
ranging  from  1  to  20  times  the  original  powder  diameter.  These  large  droplets  ignite 
and  move  into  the  gas  stream.  The  droplets  that  produce  damping  are  the  products  of 
combustion  from  these  burning  aluminum  droplets.  The  important  point  here  is  that  the 
diameters  of  droplets  producing  damping  are  not  the  same  as  the  aluminum  powder  ingredi¬ 
ent.  Complex  processes,  dependent  upon  the  propellant  formulation,  occur  between  the 
time  the  aluminum  powder  rests  in  the  propellant  interior  and  the  time  the  aluminum 
oxide  droplets  form  (Ref.  7,  8,  and  9). 
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Figure  3.  Scheme  for  Optimizing  Damping 
for  Aluminized  Solid  Propellants. 


Following  combustion  photography  tests,  samples  of  the  solid  propellant  are  burned 
in  a  pressurized  particle  collection  bomb  (Ref.  10).  In  this  test,  the  aluminum  oxide 
droplets  (condensed  phase  combustion  products)  are  collected  in  quantities  of  approxi¬ 
mately  Z  g.  Following  removal  of  the  collected  sample  from  the  bomb,  the  size  distribu¬ 
tion  is  measured  in  terms  of  the  fraction  of  mass  within  a  series  of  narrow  size  ranges 
(Ref.  11).  Based  on  this  size  distribution,  the  damping  expected  in  a  motor  can  be 
calculated  (Ref.  4).  If  the  damping  is  not  optimum  for  the  pressure  oscillation  fre¬ 
quencies  exhibited  by  the  motor,  the  propellant  formulation  can  be  tailored  (based  on 
knowledge  gained  from  the  combustion  photography  study)  and  the  entire  process  is  re¬ 
peated  until  a  propellant  with  optimum  particle  damping  is  achieved. 

Minimizing  Acoustic  F.nergy  Gains  (Combustion  Driving).  The  burning  propellant 
provides  tTie  acoustic  energy  gains  that  drive  or  sustain  combustion  instability  in  the 
motor  cavity.  As  noted  in  Figure  1,  these  gains  can  arise  from  either  pressure  or 
velocity  coupling  between  the  acoustic  wave  and  the  burning  surface.  Efforts  have  been 
made  to  develop  a  theory  that  would  allow  calculation  of  the  propellant  response  (Ref. 

12  and  13);  however,  to  date,  theory  is  only  adequate  to  correlate  instability  data  and 
allow  the  propellant  response  to  be  inferred.  For  pressure  coupling,  the  T-burner  is 
the  most  accepted  experimental  tool  for  characterizing  both  nonmetal l i zed  and  metallized 
solid  propellants  (Ref.  14  and  IS).  Other  experimental  methods,  however,  are  available 
to  measure  the  pressure  coupled  response  (Ref.  16).  Efforts  to  develop  an  experimental 
tool  for  measuring  the  velocity  coupled  response  of  a  solid  propellant  are  relatively 
recent  compared  to  those  of  pressure  coupled  response  (Ref.  16,  17,  and  18). 

The  pressure  and  velocity  coupled  response  are  dependent  upon  both  mean  pressure  and 
frequency.  The  pressure  coupler  response  is  peaked  as  shown  in  Figure  4.  Accordingly, 
application  of  a  scheme  as  shown  in  Figure  5  is  appropriate  for  minimizing  acoustic  energy 
gains  associated  with  a  solid  propellant.  If  the  peak  in  the  combustion  response  for  the 
propellant  is  near  one  of  the  natural  frequenices  of  the  motor,  the  formulation  of  the 
propellant  can  be  changed  to  shift  the  response  characteristics.  A  similar  procedure  can 
be  followed  for  the  velocity  coupled  response. 
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Figure  4.  Combustion  Response  of  a  Solid  Propellant. 


Figure  S.  Scheme  for  Minimizing  Propellant  Combustion  Response. 


MotorStabilityAnalysis.  The  two  preceding  discussions  have  dealt  with  examples 
of  maximizing  acoustic  energy  losses  and  minimizing  gains  by  modifying  ingredients  in 
the  solid  propellant.  Changes  in  the  motor  geometry  also  can  achieve  these  stabilizing 
effects.  In  recent  years  linearized  stability  analyses  have  been  developed  that  compute 
the  different  acoustic  energy  gains  and  losses  shown  in  Figure  1  (Ref.  19-22).  The  net 
acoustic  energy  gain  (or  loss)  is  then  computed  indicating  whether  pressure  waves  will 
be  damped  or  amplified. 

More  recently,  efforts  have  been  directed  toward  the  development  analyses  of  non¬ 
linear  combustion  instability  in  solid  rocket  motors  (Ref.  23-26).  As  yet,  these  models 
are  not  in  a  stage  for  application  to  motor  design;  however,  nonlinear  effects  (e.g., 
pulse  triggering  and  limiting  amplitude)  are  important  to  motor  design. 

A  scheme  for  utilizing  a  motor  stability  analysis  is  shown  in  Figure  6.  Here,  the 
combustion  response  data  (as  determined  from  T-burner  tests)  and  particle  damping  data 
(as  determined  from  particle  sizing)  are  input  for  the  stability  analysis.  If  the 
analysis  shows  the  motor  to  be  unstable,  changes  in  motor  geometry  can  be  explored  as 
well  as  changes  to  the  propellant. 


MOTOR  DESIGN 


Figure  6.  Motor  Stability  Analysis. 


APPLICATION  OF  COMBUSTION  INSTABILITY  TECHNOLOGY 

To  demonstrate  the  use  of  combustion  instability  technology  to  minimize  the  risk  of 
problems  in  solid  rocket  motors,  four  examples  are  briefly  discussed; 

1.  a  tactical  rocket  motor  designed  approximately  20  years  ago  without  the  benefit 
of  the  present  technology 

2.  the  space  shuttle  -  booster  separation  motor  (BSM) 

3.  the  space  shuttle  -  booster  igniter 

4.  the  space  shuttle  -  booster. 

Tactical  Rocket  Motor.  This  case  is  presented  to  contrast  the  technology  of  20 
years  ago  with  that  of  today.  The  motor  contains  an  aluminized  double-base  propellant. 
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In  the  development  of  this  motor,  the  final  propellant  was  selected  from  a  screening 
program  using  subscale  motors  containing  different  propellants  (primary  variations  were 
aluminum  type  and  concentration).  Data  from  these  motor  tests  were  pressure  as  a  func¬ 
tion  of  time.  Pressure  oscillations,  if  present,  were  rated  as  moderate  or  severe. 

From  this  screening  approach,  a  propellant  was  selected  for  motor  development.  Since  it 
is  now  known  that  acoustic  energy  gains  and  losses  are  dependent  upon  motor  geometry, 
such  an  approach  is  judged  to  be  inadequate  and  could  yield  misleading  results.  Perhaps 
the  greatest  problem  is  that  the  frequencies  of  oscillations  in  the  subscalc  motor  are 
different  from  those  in  the  full-scale  motor.  Based  on  the  crude  subscale  screening 
method,  the  following  observations  were  made  in  a  19S8  report: 

o  the  ability  of  aluminum  to  stabilise  is  not  affected  by  sise  or  oonf iyuration  of  propellant 

o  aluminum  oxide  is  not  promising  for  use  as  an  additive  in  suppressing  unstable  burning. 

Both  of  these  observations  are  incorrect.  The  first  statement  suggests  that  par¬ 
ticle  damping  is  independent  of  frequency,  extensive  studies,  both  experimental  and 
analytical,  show  otherwise  (Ref.  4aiul6).  In  addition,  studies  have  shown  that  the 
second  statement  has  been  shown  to  be  incorrect  in  numerous  low  smoke  solid  rocket 
programs . 

Based  on  the  foregoing  discussion,  it  is  not  surprising  that  combustion  pressure 
oscillations  have  been  present  in  this  motor  since  it  was  first  developed.  Fortunately, 
problems  associated  with  the  instability  have  been  limited  to  mechanical  vibrations. 
Undoubtedly,  a  decision  that  these  vibrations  would  not  be  deterimental  to  missile 
performance  was  made  early  in  the  missile  development.  The  oscillations  exist,  however, 
and  the  potential  for  problems  is  present. 

Recently,  the  technology  described  earlier  in  this  paper  was  applied  to  the  tactical 
rocket  motor.  Specifically,  the  scheme  for  examining  particle  damping  (Figure  3)  was 
applied  to  the  metallized  double-base  propellant.  Samples  were  burned  at  the  motor 
pressure,  collected,  and  the  size  distribution  measured.  Results  of  this  measurement 
are  shown  as  the  open  bars  in  Figure  7.  It  can  be  seen  that  the  condensed  phase  products 
form  the  motor  propellant  are  largely  fine  particles  (diameters  less  than  2  urn)  and 
coarse  particles  (diameters  greater  than  43  urn).  The  weight - fract ion  in  the  intermediate 
sizes  (2  to  43  umj  is  quite  low.  This  was  a  surprising  result.  For  comparison  purposes, 
a  more  typical  result  is  given  in  Figure  7  as  solid  bars.  These  data  are  for  a  conven¬ 
tional  aluminized  solid  propellant. 


SIZE  FRACTIONS 


Figure  7.  Particle  Size  Distribution  for  Tactical  Motor 
Propellant  and  a  Conventional  Aluminized  Propellant. 


The  significance  of  the  size  distribution  data  shown  in  Figure  7  is  immediately 
realized  when  the  frequencies  of  pressure  oscillation  in  the  motor  arc  examined.  Static 
motor  tests  with  high  frequency  response  pressure  transducers  mounted  on  the  forward 
dome  of  the  motor  show  that  the  frequencies  of  concern  in  the  motor  are  in  the  range  of 
2000  to  4000  Hz.  The  question  is:  what  is  the  damping  effectiveness  of  the  collected 
particles  over  this  frequency  range?  The  answer  is  shown  clearly  in  Figure  8. 
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Figure  8.  Comparison  of  Particle  Size  Distribution 
to  Optimum  Size  for  Damping  in  Motor. 


Here,  Figure  2  has  been  repeated  with  the  size  distribution  of  the  particles  super¬ 
imposed  as  shaded  area.  As  noted  earlier,  to  effectively  damp  frequencies  over  the 
range  of  2000  to  4000  Hz,  particles  in  the  4  to  6  pm  range  are  desired.  However,  the 
mass  fraction  of  particles  in  this  size  range  is  essentially  zero.  Thus,  the  propellant 
damping  is  far  from  being  optimum  and  it  is  not  surprising  that  pressure  oscillations 
prevail  in  the  motor. 

Space  Shuttle  Motors.  The  space  shuttle  solid  rocket  motors  are  presented  here  to 
demonstrate  the  application  of  motor  stability  analysis  (Figure  6).  Before  continuing 
the  topic  of  combustion  instability,  a  brief  description  of  the  overall  system  is  appro¬ 
priate.  The  space  shuttle  consists  of  the  orbiter,  which  carries  the  crew  and  cargo; 
the  external  tank,  which  contains  liquid  propellant  for  the  orbiter's  engines;  and  two 
solid  propellant  rocket  booster  motors  (designated  as  SRBs).  Figure  9  shows  the  Shuttle 
in  the  boost  phase.  The  solid  propellant  rocket  motors  associated  with  the  Space  Shuttle 
are  all  contained  within  the  SRB  envelope  (Figure  10).  Four  booster  separation  motors 
(BSMs)  in  the  SRB  nose  cone  and  four  more  in  the  aft  skirt,  push  the  expended  SRB  away 
from  the  shuttle  at  the  end  of  the  boost  phase  of  the  flight.  Within  the  SRB  are  the 
solid  rocket  booster  motor  (SRM)  and  its  igniter,  which,  in  the  present  context,  is 
treated  as  a  rocket  motor.  The  analysis  details  are  presented  in  Ref.  27-29. 


Figure  9.  Space  Shuttle  During  Launch. 
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Figure  10.  SoliJ  Propellant  Rocket  Motors 
for  the  Space  Shuttle. 


The  booster  separation  motor  (BSM)  is  a  medium  size  motor  using  a  conventional  HTPB 
ammonium  perchlorate  (AP)  composite  propellant  with  21  powdered  aluminum.  Figure  11 
presents  pertinent  design  geometry  details. 
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SECTION  A-A 


Figure  11.  Booster  Separation  Motor  (BSM)  Geometry. 


The  results  of  the  stability  calculation  using  a  linearized  stability  program,  are 
shown  in  Table  1  for  the  01  web  burn  and  the  SOI  burn.  The  acoustic  mode  frequencies 
for  which  solutions  are  shown,  cover  the  lower  axial  and  transverse  modes;  T-burner 
propellant  response  tests  were  conducted  over  that  frequency  range.  Over  the  indicated 
range  of  frequency,  the  pressure-coupled  combustion  burning  term  was  destabilizing  while 
the  nozzle,  particle  damping,  and  mean  flow  terms  were  all  stabilizing.  The  net  result, 
assuming  that  the  velocity-coupled  combustion  response  is  insignificant,  was  that  the 
motor  is  stable.  The  axial  modes  are  the  most  stable.  The  transverse  modes  arc  about 
an  order  of  magnitude  less  stable  than  the  axial  modes,  but  are  still  stable  according 
to  the  calculated  results. 

For  the  BSM,  static  test  data  show  that  there  is  no  combustion  instability  behavior. 
Thus,  the  predicted  results  are  in  agreement  with  motor  performance. 

The  solid  rocket  booster  motor  (SRM)  is  shown  in  Figure  12.  The  internal  geometry 
is  a  combination  of  a  forward  slotted  section,  a  long  circular  bore  in  the  central 
portion  of  the  motor,  and  an  expanding  conical  aft  section  terminated  by  a  short  enlarged 
portion  which  surrounds  a  re-entrant  (submerged)  nozzle.  The  propellant  is  a  conven¬ 
tional  PBAN-AP  composite  propellant  with  lbl  powdered  aluminum. 
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Table  1.  Motor  Stability  Analysis:  Booster  Separation  Motor. 


Acoustic  wave  structure 

l  Web 

burn 

0 

50 

Frequency,  Hz 

Stability 
factor, 
sec"  ^ 

Frequency,  Hz 

Stability 
factor 
sec"  1 

First  axial 

1091.2 

-254 

1064.9 

-205 

Second  axial 

2128.7 

-266 

2105.3 

-219 

Third  axial 

3095.8 

-279 

3106.4 

-234 

First  tangential 

2365.5 

-27 

2045.9 

-17 

First  tangential,  first  axial 

2688.6 

-23 

2313.6 

-30 

Second  tangential 

3187. 3 

-54 

3017.8 

-30 
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Figure  12.  Internal  Geometry  of  the  SRM. 


The  SRM  was  analyzed  for  three  web  burns:  0,  45,  and  801.  The  two  latter  burns, 
respectively,  represent  times  at  which  the  slots  in  the  head  end  burn  out  and  a  condition 
for  which  the  port  diameter  and  propellant  surface  area  are  both  large.  At  burnout  the 
SRM  has  an  internal  diameter  of  approximately  3.66  M  (12  ft)  and  a  forward  dome  to 
throat  length  of  35  M  (115  ft). 

A  tabulation  of  stability  predictions  for  the  SRM  is  presented  in  Table  2.  Because 
of  the  large  size  of  the  SRM,  the  frequencies  and  acoustic  energy  gains  and  losses  are 
low  compared  to  the  BSM.  For  every  acoustic  mode  considered,  the  net  acoustic  energy 
was  calculated  to  show  stable  behavior.  For  axial  modes,  however,  it  was  noted  that 
nozzle  damping  diminished  as  the  web  was  consumed.  This  trend  is  seen  in  the  data  of 
Table  2. 


TABLE  2.  Motor  Stability  Analysis  for  the  Space  Shuttle  Booster  Motor  (SRM). 


3  Web 

burn 

Acoustic  wave 

0 

45 

80 

structure 

Frequency, 

Hz 

Stab i 1 i tv* 
factor, 
sec '  1 

Frequency, 

Hz 

Stability 
factor , 
sec'l 

Frequency , 
Hz 

Stability 
factor, 
sec '  1 

First  axial 

15.25 

-9.87 

13.98 

-10.11 

16.18 

-9.33 

Second  axial 

31.09 

-11.42 

29.89 

-10.41 

32.18 

- 10.00 

Third  axial 

47.80 

-13.89 

47.03 

-11.09 

48.64 

-10.77 

First  tangential 

201.61 

-3.52 

186. 31 

-14.44 

178.01 

-13.37 

First  tangential, 
first  axial 

246.77 

-24.70 

189.09 

-14.86 

186.00 

-14.25 

Second  tangential 

218.42 

-9.91 

299.67 

-28.18 

291.2 

-26.84 

Stability  factor  Net  acoustic  energy  gains  or  losses. 
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Static  test  data  for  the  SRM  has  verified  the  stability  prediction  for  transverse 
inodes.  For  axial  modes,  however,  low  amplitude  (<2  psi)  oscillations  are  observed  late 
in  burn.  The  presence  of  these  oscillations  at  high  percent  web  burned  is  consistent 
with  the  trends  of  the  predicted  net  acoustic  energy  losses;  however,  the  presence  of 
oscillations  suggests  the  stability  analysis  is  overlooking  a  source  of  acoustic  energy 
gains  or  overestimating  some  of  the  losses.  It  is  suspected  that  combustion  noise/ 
aerodynamic  effects  could  provide  the  necessary  explanation.  These  pressure  oscilla¬ 
tions  are  not  ignored  because  of  their  relatively  small  amplitude.  The  pressure  rise 
acts  across  the  fore  end  dome  of  the  motor  and  creates  a  thrust  perturbation  which  is 
approximately  50,000  lb  (peak- to- peak)  per  psi  (peak- to-peak)  pressure  perturbation. 
Thus,  the  2  psi  peak-to-peak  oscillation  (approximately  0.23  of  mean  chamber  pressure) 
creates  a  60,000  lb  peak-to-peak  thrust  perturbation  (approximately  31  of  mean  thrust). 

The  igniter  for  the  space  shuttle  booster  has  dimensions  comparable  to  those  of  a 
conventional  tactical  rocket  motor. 

The  igniter  geometry  and  the  finite  element  grid  used  for  zero  web  burn  are  shown 
in  Figure  13.  Internal  dimensions  of  the  igniter  case  include  a  nominal  diameter  of  42 
cm  (16.5  inches)  and  a  nominal  forward  dome- to- throat  distance  of  84  cm  (33  inches). 

The  propellant  is  a  PBAN-AP  composition  which  contains  103  powdered  aluminum. 


Figure  13.  SRM  Igniter  Geometry  and  Finite  Element  Grid. 


Stability  predictions  for  the  igniter  at  zero  web  are  shown  in  Table  3.  It  can  be 
seen  that  the  motor  is  predicted  to  be  stable  in  both  axial  and  transverse  modes. 

Full-scale  tests  of  the  igniter,  however,  showed  that  the  first  tangential  mode  was 
unstable  which  is  in  contradiction  to  the  stability  prediction.  In  this  case,  there¬ 
fore,  the  stability  predictions  for  all  modes  analyzed  in  the  igniter  were  correct 
except  for  the  first  tangential  mode. 

Design  changes  to  the  igniter  have  been  made  which  result  in  shortening  the  propel¬ 
lant  grain  by  removing  propellant  from  the  head  end  of  the  motor.  Stability  analyses 
for  an  igniter  with  propellant  removed  from  the  head  end  show  that  the  removal  improves 
the  stability  of  the  tangential  mode.  Full-scale  firing  tests  have  confirmed  the  pre¬ 
dicted  stability  trend. 


Table  3.  Motor  Stability  Analysis:  Booster  Igniter. 


Acoustic  wave  structure 

3  Web  burn 

0 

100  _  j 

Frequency,  Hz 

Stability 

factor, 

sec"1 

Frequency,  Hz 

Stability 

factor 

sec"1 

First  axial 

613 

-499.9 

613 

-365.9 

Second  axial 

1224 

-490. 5 

1224 

-356.5 

Third  axial 

1837 

-547.8 

1837 

-413.8 

First  tangential 

1644 

-175.2 

. .  . 

First  tangential,  first  axial 

1843 

-223.2 

Second  tangential 

2444 

-365.9 
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ASSESSMENT  OF  COMBUSTION  INSTABILITY  TECHNOLOGY 

In  the  past  20  years,  significant  advances  have  been  made  in  understanding  funda¬ 
mental  combustion  instability  processes.  These  advances  are  reflected  in  an  improved 
technology  for  minimizing  the  risk  of  combustion  instability  in  solid  rocket  motors  and 
the  application  of  this  technology  to  motor  design. 

Laboratory  techniques  and  theoretical  models  have  evolved  to  the  point  where  solid 
propellant  tailoring  programs  can  usually  be  conducted  at  the  laboratory  level  rather  than 
through  full-scale  motor  tests.  In  particular,  schemes  for  developing  propellants  with 
improved  particle  damping  and  pressure-coupled  response  are  available.  There  are  defic¬ 
iencies  in  the  available  laboratory  techniques  and  theoretical  models  (for  example, 
velocity-coupled  response);  however,  the  usefulness  of  these  schemes  is  not  dependent 
upon  the  quality  of  the  laboratory  test  techniques  alone.  Rather,  methods  for  tailoring 
propellants  also  must  be  available  for  achieving  a  desired  change  in  combustion  behav¬ 
ior.  It  is  in  this  area  where  the  schemes  are  weakest.  This  suggests,  therefore,  that 
future  research  studies  require  closer  links  between  the  combustion  specialist  and  the 
chemist  responsible  for  synthesis  of  ingredients  and  formulation  of  propellants. 

By  combining  a  linearized  stability  analysis  with  propellant  response  and  damping 
data,  the  net  acoustic  energy  gains  or  losses  for  a  motor  can  be  calculated.  Compari¬ 
sons  between  predicted  and  full-scale  motor  data  show  these  calculations  to  be  correct 
in  a  qualitative  sense--!. e.,  the  stability  trends  are  in  agreement;  however,  the  pre¬ 
dictions  are  not  always  correct  in  a  quantitative  sense. 

The  application  of  nonlinear  stability  analysis  to  rocket  motor  problems  is  rel¬ 
atively  young.  It  could  be  argued  that  such  analyses  are  premature  since  linear  stability 
analysis  has  numerous  weak  points.  However,  there  are  too  many  motor  problems  that 
appear  dependent  upon  nonlinear  processes.  Methods  of  analysis  remain  somewhat  uncertain 
because  terminology  is  still  confused  in  this  area.  For  example,  are  the  processes  assoc¬ 
iated  with  the  driving  of  a  steep  frontal  travelling  wave  different  from  those  associated 
with  nonlinear  velocity-coupled  instability?  Answers  to  such  questions  go  beyond  the 
linear  small  perturbation  theories  and  will  only  be  gained  through  studies  of  nonlinear 
stability. 

This  brief  review  of  combustion  instability  technology- - research  advances  and  ap¬ 
plications  to  motor  behavior- -must  end  with  some  note  on  the  future.  Because  of  the 
complexities  associated  with  combustion  instability  phenomena,  it  is  doubtful  if  quan¬ 
titative  analysis  will  over  be  possible.  However,  if  schemes  such  as  those  presented 
here  can  be  strengthened  through  improved  theory,  experimental  approaches,  and  tailoring 
methods,  prediction  of  qualitative  trends  will  be  adequate  for  motor  design.  It  is, 
therefore,  important  that  future  work  provide  the  proper  balance  in  emphasis  between  these 
different  areas. 
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Author’s  Reply 

I  do  not  disagree.  Particle  damping  was  selected  to  illustrate  thc  concept  of  developing  a  scheme  lo  maximise 

.nvoTved  “  r(K  kt''  m°'0r  ' igUrP  1  P-rtide  damping  is  only  one  of  the  losses 

II  is  important  that  we  identify  and  understand  all  acoustic  energy  gains  and  losses  so  that  we  establish  the  means 
ot  determining  magnitudes  and  optimising  these  through  propellant  formulation  and  motor  design 
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SUMMARY 

Self-sustained  oscillatory  burning  of  solid  rocket  propellants  is  considered,  within 
the  framework  of  a  thermal  theory  of  heterogeneous  combustion  and  for  quasi-steady  gas 
phase.  A  nonlinear  burning  stability  analysis,  carried  out  via  an  integral  method,  pre¬ 
dicts  the  existence  of  three  well  defined  static  regimes:  stationary,  self-sustained  o- 
scillatory,  and  extinguished,  'l'he  self-sustained  oscillatory  solution  is  related  to  large 
values  of  surface  heat  release;  these  values  increase  with  pressure.  The  burning  rate  o- 
scillations  are  of  thermokinetic  nature  and  feature  characteristic  spikes.  The  existence 
and  the  properties  of  these  oscillations  can  be  analytically  predicted;  they  strictly 
depend  on  the  operating  conditions.  Computer  simulated  runs  show  a  very  good  agreement 
with  the  analytical  expectations.  Identical  self-sustained  oscillations  were  observed 
following  different  transients  to  the  same  final  set  of  operating  conditions.  Freouencies, 
increasing  with  pressure,  of  the  order  of  100  Hz  were  found  at  pressures  of  the  order  of 
10  atm;  amplitudes  were  found  to  decrease  with  pressure.  The  same  basic  features  can  be 
observed  for  different  flame  models. 
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PMTF  «  Journal  of  Applied  Mechanics  and  Technical  Physics 


Sec.  1  -  INTRODUCTION 

The  purpose  of  this  paper  is  to  examine  whether,  and  under  which  conditions,  a  burning 
solid  rocket  propellant  may  undergo  self-sustained  oscillatory  combustion.  The  study  is 
based  on  a  comprehensive  combustion  stability  analysis  (Refs.  1-2)  developed  in  fully 
nonlinear  conditions  by  means  of  an  integral  method.  This  stability  analysis  allows, 
within  the  framework  of  a  thermal  model  of  heterogeneous  combustion  and  for  quasi-steady 
gas  phase,  to  predict  when  the  steady  reacting  solution  becomes  statically  (i.e.,  intrin¬ 
sically)  unstable  and  which  solution,  under  these  circumstances,  may  occur.  Numerical  cal¬ 
culations  are  given  for  an  ammonium  perchlorate  (AP)-based  composite  solid  propellant  (see 
Tabs.  1-2).  However,  within  the  limitations  specified  below,  the  basic  concepts  emerging 
from  this  investigation  are  expected  to  hold  true  for  any  condensed  substance  subjected 
to  deflagration  waves. 

This  paper  goes  beyond  previous  works  of  the  writer  (Refs.  3-4)  in  that:  (1)  it  profits 
by  the  results  from  a  less  restrictive  integral  method  obtained  in  the  companion  paper 
of  Ref.  5,  (2)  both  MTS  and  KTSS  flame  models  are  considered,  and  (3)  results  are  inter¬ 
preted  in  terms  of  bifurcation  diagrams.  A  literature  survey  is  offered  in  Sec.  2.  Ana¬ 
lytical  predictions  and  computer  simulated  results  are  discussed  in  Sec.  3.  Conclusions 
and  suggestions  for  future  work  will  close  the  paper  in  Sec.  4. 

Sec.  2  -  A  LITERATURE  SURVEY 

The  oriqinal  work  of  Huffington  (Refs.  6-8)  on  chuffing  and  oscillatory  burning  of  cor¬ 
dite  goes  back  to  the  beginning  of  the  '50.  Experimental  results  and  a  theoretical  inter¬ 
pretation,  in  terms  of  condensed  phase  thermal  explosion,  wore  given  for  both  phenomena. 
The  proposed  mechanism  for  oscillatory  burning  of  cordite  is  the  successive  explosion, 
assisted  by  gas  phase  heat  feedback,  of  discrete  surface  layers  of  decreasing  thickness 
with  increasing  pressure.  The  Frank-Kamenetskii  thermal  explosion  theory  (Ref.  9)  was  ex¬ 
tended  to  consider  a  monodimensional  slab  of  decomposing  explosive,  enclosed  between  two 
parallel  walls,  with  one  surface  (hot  boundary)  subjected  to  a  constant  rate  of  heat  tran¬ 
sfer  while  the  other  (cold  boundary)  is  maintained  at  a  constant  temperature.  For  cordi¬ 
te  this  temperature  was  taken  as  the  melting  temperature  (460  K) ;  for  other  cases  it  was 
just  the  ambient  temperature.  The  solution  determines,  for  a  given  heat  transfer  rate  to 
the  burning  surface,  the  critical  slab  thickness  and  surface  temperature  above  which  the 
volumetric  decomposition  develops  to  explosive  rates.  Those  critical  values  were  found 
to  depend  on  the  dimensionless  parameter  E  /AT  ,  being  E  the  activation  energy  of  the 
distributed  exothermic  reactions  (assumed  Sf  Arrhenius  type)  in  the  condensed  phase  and 
T  the  cold  boundary  temperature.  The  theory  was  quite  successful  in  predicting,  at  20 
atm,  a  thickness  of  layer  burnt  off  in  a  single  explosion  of  about  50  urn  and  a  frequency 
of  about  40  Hz.  This  theoretical  approach,  remarkable  25  years  ago,  suffers  today  the 
known  limitations  of  the  Frank-Kamenetskii  type  of  theory. 

A  relatively  large  amount  of  work  on  oscillatory  burning  of  several  reactive  materials, 
Including  DB  and  AP-based  composite  propellants,  was  performed  by  Soviet  investigators. 

A  good  review,  mostly  focused  on  the  theoretical  aspects  of  this  question,  is  contained 
in  Novozhilov's  monograph  on  solid  propellant  burning  (Ref.  10).  In  particular,  a  nume¬ 
rical  solution  for  the  unsteady  propagation  of  an  exothermic  reaction  front  in  a  gasless 
system  (condensed  phase  energy  equation  coupled  with  a  distributed  chemical  reaction  rate 
term  of  Arrhenius  type)  was  given  in  1971  (Ref.  11).  The  rather  vague  mechanism  invoked 
by  the  authors,  to  explain  the  oscillating  combustion  observed  under  a  wide  combinat ion 
of  the  relevant  parameters,  relies  on  the  "excess  enthalpy"  of  the  steadily  propagating 
combustion  front  as  compared  with  the  enthalpy  of  the  initial  material.  Librovlch  and 
Makhviladze  (Ref.  12)  took  up  this  problem  in  1974;  they  simplified  the  gasless  system 
by  considering  a  collapsed  chemical  layer  separating  the  initial  material  from  the  com¬ 
bustion  products.  An  analytical  solution  was  found  via  an  integral  method  (Fourier  trans¬ 
form)  and  successfully  compared  with  the  previous  numerical  solution  of  Ref.  11.  In  both 
cases  an  increase  of  the  activation  energy  was  found  to  increase  the  period  of  the  oscil¬ 
lating  combustion  rate  and  the  amount  of  movement  of  the  reaction  front  during  one  oscil¬ 
lation,  but  decrease  the  mean  velocity.  Frequencies  were  of  the  order  of  several  10  Hz. 

The  oscillating  mechanism,  according  to  Librovich  and  Makhviladze,  consists  of  a  succes¬ 
sion  of  fast  burnup  of  unreacted  but  heated  layers,  each  requiring  a  prolonged  thermal 
time  lag  for  the  ignition  to  occur. 

Experimental  results  on  self-sustained  oscillatory  combustion  of  pure  and  metallized 
DB  propellants,  both  in  a  strand  burner  and  rocket  combustion  chamber,  were  published  by 
Svetlichny  et  al.  (Ref.  13)  in  1971.  In  the  pressure  range  1-140  atm,  combustion  oscilla¬ 
tions  (  revealed  by  radiation  emission  and  electrical  conductivity  of  the  burning  zone) 
up  to  several  10  Hz  were  detected.  The  authors  qualitatively  ascribe  these  oscillations 
to  unstable  thermal  relaxation  of  the  condensed  phase  heated  layer. 

However,  according  to  the  same  authors  (Ref.  13),  self-sustained  oscillatory  burning 
of  the  same  DB  propellants  at  pressure  less  than  70  atm  is  due  to  incomplete  combustion. 
This  and  other  oscillating  mechanism  related  to  burning  peculiarities  (e.g.,  incomplete 
burning  invoked  in  Ref.  13  and  lnhomogenelt les  of  the  combustion  wave  in  Refs.  14-15)  are 
out  of  the  scope  of  this  work.  Oscillatory  burning  due  to  combustion/fluid-dynamics  coupl¬ 
ing  (e.g.,  see  Ref.  16)  is  also  out  of  the  scope  of  this  work.  In  this  paper  sel f -sustain¬ 
ed  oscillatory  burning  of  exclusively  thermoklnet lc  character  Is  considered,  for  the  wide 
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class  of  heterogeneous  combustion  systems.  It  will  be  shown  that  this  type  of  oscillato¬ 
ry  burning  is  mainly  related  to  the  presence  of  a  strongly  exothermic  chemical  reaction 
in  the  condensed  phase  (collapsed  at  the  burning  surface) .  Pressure  will  be  seen  to  favor 
stability.  The  combustion  frequency,  of  the  order  of  several  10  to  several  100  Hz,  will 
be  found  to  increase  with  pressure.  The  characteristic  burning  rate  spikes  associated 
with  these  oscillations  intuitively  confirm  the  physical  mechanism  suggested  by  Librovich 
and  Makhviladze  (Ref.  12). 

First  detailed  analytical  predictions  and  numerical  results,  for  a  model  explicitely 
considering  the  heterogeneous  burning  of  a  solid  propellant  (quasi-steady MTS  flame),  were 
offered  by  De  Luca  (Refs.  2-3)  in  1976.  Recently,  Kooker  and  Nelson  (Ref.  17)  numerically 
confirmed  the  existence  of  a  self-sustained  oscillatory  burning  regime  for  solid  propel¬ 
lants  (the  quasi-steady  KTSS  linearized  flame  model  was  adopted).  Peters  (Ref.  18),  in 
1975,  numerically  observed  self-sustained  oscillations  of  heterogeneous  burning  of  sphe¬ 
rical  particles  by  solving,  via  an  integral  method  (polynomial  space  dependence  of  the 
relevant  variables),  the  governing  set  of  PDE's. 

Sec.  3  -  ANALYTICAL  PREDICTIONS  AND  NUMERICAL  RESULTS 

Consider  the  physical  system  of  Fig.  1  representing  a  strand  of  solid  propellant  sub¬ 
jected  to  a  radiant  flux  impinging  with  instantaneous  intensity  (l-r).Ip(t)  at  its  sur¬ 
face,  burning  with  instantaneous  rate  R(t)  in  a  closed  vessel  at  instantaneous  pressure 
P(t)  and  fixed  ambient  temperature  Ta.  The  following  important  assumptions  are  made: 
quasi-steady  gas  phase,  optically  opaque  and  chemically  inert  condensed  phase,  infinite¬ 
simally  thin  burning  surface  and  irreversible  gasification  processes,  specific  heat  con¬ 
stant  throughout  the  deflagration  wave.  For  a  detailed  list  of  assumptions , the  reader 
might  wish  to  consult  Ref.  4.  The  assumption  of  quasi-steady  gas  phase  might  be  open  to 
criticism,  as  rightly  pointed  out  by  T'ien  (Ref.  19).  However,  something  has  to  be  given  up 
in  order  to  reach  meaningful  conclusions  in  a  nonlinear  theory.  In  any  event,  one  of  the 
purposes  of  this  study  is  to  verify  the  self-consistency  of  the  combined  analytical  and 
numerical  approach. 

It  is  shown  in  a  companion  paper  (Ref.  5)  that  the  equilibrium  and  asymptotic  stabili¬ 
ty  properties  of  the  nonlinear  system  of  Fig.  1  are  enclosed  in  an  algebraic  function  cal¬ 
led  the  static  restoring  function.  This  function  is  determined  by  assuming  a  polynomial 
space  dependence  of  the  disturbance  thermal  profile  in  the  PDE  describing  the  condensed 
phase  energy  conservation.  Upon  integration  of  this  PDE,  the  following  approximate  ODE  is 
found  for  a  given  initial  condition  6  (1=0)58^ 


where  n  is  the  polynomial  order  to  be  chosen;  u  =8.  -  6  (t 

temperature  and(ux>c  is  the  disturbance  thermal  gf-adienf, 
to  be  assigned  by  me£ns  of  a  flame  model.  The  quantities 


)  is  the  disturbance  surface 
at  the  condensed  phase  side. 


(3.2)  A(e1)  =  e1(x=0)  -  e±(x=-E) 


(X-O) - -  (X=-E) 

dx 


depend  on  the  steady  thermal  profile  8. (X)  prevailing  at  the  initial  conditions  and  the 
disturbance  thermal  layer  thicknes  1 


(3.4)  E(T) 


«i.s  -  V*> 


dx  /c,s  3X  /c,s 


The  static  restoring  function  f (8.  -  8  )  is  given  by  the  right  hand  side  of  Eq.3.1.  It 

holds  true,  even  for  finite  size  disturbance,  both  for  static  (random  disturbances)  and 
dynamic  (coupling  with  external  disturbances)  stability.  Yet,  in  the  case  of  dynamic  sta¬ 
bility,  the  validity  of  the  approach  is  restricted  to  forcing  functions  levelling  off  in 
time.  The  general  behavior  of  the  static  restoring  function  when  the  pressure  is  varied 
parametrically,  at  fixed  ambient  temperature  and  surface  heat  release,  was  discussed  in 
Ref.  5.  The  behavior  of  the  static  restoring  function  when  the  surface  heat  release  is  va¬ 
ried  parametrically,  at  fixed  ambient  temperature  and  pressure,  is  illustrated  by  the  qua¬ 
litative  picture  of  Fig.  2.  When  the  surface  heat  release  is  low  enough  (in  a  sense  which  will 
be  better  understood  below) ,  the  system  behaves  according  to  curve  CBA. 

For  increasing  values  of  the  surface 
function  is  represented  by  curve  CB 
ed  that  C  is  the  stable  equilibrium 


heat  release,  it  is  found  that  the  static  restoring 
. A.D.E.  This  is  surprising.  It  is  immediately  recogniz- 
1  solution  for  the  unreacting  state  (trivial  solution). 


Consider  the  steady  state  energy  balance  of  the  overall  combustion  wave:  for  each  set  of 
parameters,  only  one  stationary  solution  exists  for  the  reacting  state.  Let  us  call  A 
this  particular  root.  Root  E-)  ,  although  stable  according  to  Lyapunov,  is  a  false  equili¬ 
brium  solution  introduced  by  the  approximate  ODE  formulation  of  the  problem.  The  remain¬ 
ing  roots  and  are  both  unstable  equilibrium  solutions  for  the  reacting  state. 

For  further  increase  of  the  surface  heat  release,  A-  and  D-type  roots  respectively  in¬ 
crease  (moving  to  right)  and  decrease  (moving  to  left)  in  the  plot  of  Fig.  2,  until  coa¬ 
lescence  and  then  crossing  over  occur  with  exchange  of  stability  character.  This  important 
point  will  be  discussed  later.  For  further  increasing  of  the  surface  heat  release,  B-  and 
D-type  roots  disappear  after  coalescence,  while  both  A2  and  E2  roots  cannot  be  stable 
reacting  solutions  (curve  CA2E2*n  Fig.  2).  Under  these  circumstances,  it  follows  that  the 
only  allowed  solution  is  the  trivial  unreacting  configuration  represented  by  root  C.  Any 
attempt  to  produce  a  stationary  combustion  wave  with  a  static  restoring  function  of  type 
CA2e2  inevitably  result  in  extinction.  This  type  of  extinction,  however,  should  not 

be  qualified  as  “dynamic". 

Quantitative  plot  of  the  static  restoring  function  f  (0^  -  0,)  vs  the  nondimens  tonal 

surface  temperature  0S  are  given  for  the  propellant  AP/PftSA  No?  941  (see  Tab.  2).  A  quan¬ 
titative  plot  requires  the  choice  of  a  specific  flame  model  and  a  specific  order  of  the 

approximating  polynomial.  By  applying  different  flame  models  to  the  same  propellant,  dif¬ 
ferent  stability  properties  are  predicted:  this  offers  a  criterium  for  discriminating 
flame  models.  In  this  work  MTS  and  KTSS  flame  models  are  implemented  (e.g.,  consult  Ref. 4). 

As  to  the  order  of  the  approximating  polynomial,  n=3  has  been  shown  to  give  accurate  re¬ 
sults  (for  details,  consult  Ref. 4). 

The  values  of  the  nontrivial  roots  A , B , D , E  vs  surface  heat  release  (bifurcation  diagram) 
are  plotted  at  30  atm  of  pressure  in  Fig.  3.  This  plot  was  obtained  implementing  the  MTS 
flame  model  with  n=3.  It  can  be  seen  that:  (1)  the  fundamental  A  root  monotonically  in¬ 
creases  with  |QS|;  (2)  B, D  ,  and  E  roots  all  lie  on  the  same  curve;  and  (3)  this  S-shaped 

curve  crosses  the  A-  curve  (bifurcation  point) .  For  I  Qsl  low  enough,  A  and  B  are  the  only 

reacting  roots;  A  defines  the  steady  solution,  while  B  defines  the  lower  dynamic  stability 
point  (Ref.  2).  For  increasing  |Q~|  ,  D  and  E  roots  branch  off;  A  still  is  the  steady  solu¬ 
tion,  while  B  and  D  respectively  define  the  lower  and  upper  dynamic  stability  points 
(Refs.  2-3).  For  further  increases  of  |QS|,  A  and  D  roots  cross  over  and  exchange  their 
stability  character;  the  steady  solution,  even  in  a  static  environment,  is  now  self-sustain¬ 
ed  oscillatory  burning,  between  D  and  E,  around  A.  For  lQs|even  larger,  B  -  D  roots  coale¬ 
sce  ;  under  these  circumstances  there  is  no  steady  reacting  solution. 

Self-sustained  oscillatory  burning  may  only  be  found,  at  a  given  pressure,  for  Qs  values 
ranging  between  A  -  D  roots  coalescence  and  B  -  D  roots  coalescence.  These  particular  in¬ 
tervals  of  Qs  values  are  plotted  vs  pressure  in  Tab. 3. Both  A-B  roots  and  B-D  roots  coalescences 
occur  at  increasing  |QS  |  with  increasing  pressure.  However,  the  extent  of  this  critical  | Os  I 
interval  shows  only  minor  increases  with  increasing  pressure^  The  physical  upper  limit  for 
|Qs|is  also  plotted  in  Tab.  3_j  this  is  defined  by  |QS|  =  C_(Tf  “  Ta^  being  Cp=  Cg  by  assump¬ 
tion  .  The  value  |QS  |  =  Cc(Ts-  Ta) ,  finally  plotted  in  Tab.  3,  represents  the  maximum  a- 
mount  of  surface  heat  release  allowed  by  KTSS  nonlinearized  flame  model  according  to 
Eq.  2.3.10  of  Ref.  4.  No  such  a  limitation  exists  for  the  MTS  flame  model. 

It  should  be  explicitely  remarked  that  Qs  ranging  within  the  values  of  Tab.  3  is  a  necessa¬ 
ry  but  not  sufficient  condition  for  the  occurence  of  self-sustained  oscillatory  burning. 
Dynamic  extinction,  due  to  decelerating  deflagration  waves  or  overstability  (Ref.  3),  is 
always  an  alternative  to  the  self-sustained  oscillatory  burning.  Even  without  external 
disturbances,  the  actual  range  of  Qg  values  for  which  sel f-sustained  oscillatory  burning 
may  occur  is  narrower  than  indicated  in  Tab.  3.  Indeed,  in  this  oscillatory  regime,  the 
burning  propellant  bounces  back  and  forth  under  the  competing  influence  of  D  and  E  roots. 

For  dynamic  reasons  the  amplitude  of  these  surface  temperature  oscillations  has  to  be  some¬ 
what  larger  than  @g(E)  -  0S(D).  This  implies  that,  especially  near  B-D  roots  coalescence, 
extinction  will  somewhat  shrink  the  Qs  range  of  self-sustained  oscillatory  burning. 

The  above  analytical  predictions  were  verified  by  digital  simulations  of  transient  burn¬ 
ing  tests  obtained  by  integration  of  the  full  set  of  governing  equations  (for  details,  see 
Ref.  2).  The  pressurization  runs  from  10  to  30  atm  shown  in  Fig.  4,  for  several  values  of 
Qs  ,  were  computed  implementing  the  MTS  flame  model.  The  results  nicely  confirm  the  exi¬ 
stence  of  the  three  static  burning  regimes  predicted  by  the  bifurcation  diagram  of  Fig. 3. 
Remark  that  |QS  |  =  180  cal/g  is  less  than  the  A  -  D  roots  coalescence  value  (|Qs|=1<,0  cal/g) , 
while  |QS|  =  220  cal/g  is  very  close  to  the  B-D  roots  coalescence  value  (  |QS|==  222  cal/g). 
Compare  with  Tab.  3.  Notice  that  for  increasing!  Qs| ,  the  same  external  forcing  function 
gives  more  pronounced  dynamic  burning  effects.  For  example,  see  the  succession  of  the  ini¬ 
tial  surface  temperature  peaks  in  Fig.  4  for  the  three  indicated  values  of  Qs.  Large  values 
of  |Qg| favor  (dynamic)  extinction  due  to  overstability. 

For  |Qg|=  200  cal/g  the  numerical  solution  of  the  pressurization  test  confirms  that,  after 
a  certain  transient,  the  combustion  wave  undergoes  characteristic,  sharp  self-sustained 
oscillations  around  A  root  (0g=O.99)  with  peaks  near  E  (0g  =  1 . 61 ) and D (@s=0 . 94 hoot s This  im¬ 
plies,  under  the  specified  set  of  operating  conditions,  the  existence  of  a  limit  cycle. 

Being  a  limit  cycle  an  overall  property  of  the  governing  nonlinear  PDE  (condensed  phase 
energy  equation),  once  triggered  this  oscillatory  behavior  would  not  depend  on  the  pre¬ 
vious  history  of  the  system  and  in  particular  on  its  initial  conditions,  but  just  on  the 
operating  conditions.  The  frequency  of  these  oscillations  is  expected  to  be  somehow  relat¬ 
ed  to  the  thermal  wave  relaxation  time  in  the  condensed  phase  (at  the  final  conditions  of 
the  pressurization  test) . 

In  order  to  check  these  anticipations,  further  computer  simulated  tests  were  performed. 

The  results  are  summarized  in  Tab.  4.  No  self-sustained  oscillatory  regime  was  found  for 


■ 


:4-s 


several  values  of  1 0S  |« 1 8 0  cal/g  and  |0„|s210  cal/g.  But  for  Qs=-200  cal/g,  after  a  few 
transient  cycles,  exactly  the  same  oscillatory  pattern  was  found  for  exponential  pressu¬ 
rization  tests  from  10  to  30  atm  with  B  =  1  or  B  «  200.  Likewise,  exactly  the  same 
self-sustained  oscillatory  pattern  was  Hfound  for  exponential  pressurization  tests  to  40 
atm  with  BB  «  200  from  =  10,  20  and  30  atm.  However,  the  amplitude  and  the  period  tp 
of  the  surface  temperature  oscillations  decreased,  for  increasing  final  pressure,  accord¬ 
ing  to  the  values  listed  in  Tab.  4.  Exponential  pressurization  tests  to  50  atm,  with 
Bp  ■  200,  from  Pi  *=  10  or  40  atm  confirmed  this  point.  All  this  evidence  neatly  suggests 
that,  for  a  propellant  with  the  appropriate  value  of  Q„,  the  existence  and  the  properties 
of  the  self-sustained  oscillatory  regime  are  uniquely  defined  by  the  final  operating  pres¬ 
sure  (being  all  runs  performed  at  fixed  ambient  temperature  of  300  K  and  for  adiabatic 
burning),  in  Tab.  4,  for  the  reader's  convenience  ,  the  values  of  €>S(E),  ©S(D),  and 
es (A)  are  plotted  for  n*=3.  Likewise  the  values  of  thermal  wave  relaxation  time  in  the  con¬ 
densed  phase,  tth  c  ,  are  given.  However,  the  exact  meaning  of  this  parameter  in 

the  present  context  is  open  to  questions. 

The  previous  computer  simulated  tests  were  obtained  by  implementing  the  MTS  flame  model. 
Pressurization  tests  with  the  KTSS  nonlinearized  flame  model,  from  10  to  30  atm  with  B_=>1, 
were  also  performed.  Unfortunately,  the  value  of  Qs  =  -200  cal/g  falls  outside  the  ranfje 
of  applicability  of  the  KTSS  nonlinearized  flame  at  10  atm;  therefore  no  direct  compari¬ 
son  with  the  MTS  flame  was  possible.  The  same  pressurization  test  was  then  attempted  for 
Qs=- 180  cal/g.  A  sel f-sustained  oscillatory  regime  was  detected  (tp=2.8),  with  the  same 
general  features  observed  with  the  MTS  flame  (see  Fig.  5).  A  self-sustained  oscillatory 
regime  with  the  KTSS  linearized  flame  was  also  recently  detected  by  Kooker  and  Nelson 
(Ref.  17),  who  found  xp  =  1.36  at  68  atm  for  Qs  =  105.8  cal/g  (their  H  =  0.88). 

The  characteristics  spikes,  observed  in  all  runs,  of  the  burning. rate  oscillations  phy¬ 
sically  suggest  a  succession  of  thermal  "explosions"  of  surface  layers  (strongly  heated 
by  the  Intense  heat  source  due  to  large  Qs  values  at  the  burning  surface)  followed  by  si¬ 
milarly  fast  burning  rate  decreased  (due  to  the  tight  couplinq  condensed/gas  phases  at  high 
burning  rates)  and  slow  thermal  wave  build-up  (ignition  lag). 

A  most  significative  way  to  summarize  the  findings  of  this  investigation  is  shown  in  Fig. 
6.  This  is  a  surface  temperature  vs  pressure  plot  at  constant  Qs  (the  standard  burning 
rate  vs  pressure  plot  on  logarithmic  scale  is  inconvenient  for  graphical  reasons) .  Root  A 
corresponds  to  what  is  usually  measured  in  a  strand  burner.  However,  for  pressures  less 
than  A  -  D  coalescence,  A  root  becomes  statically  unstable  and  the  solution  is  a  self-su¬ 
stained  oscillatory  burning  peaking  slightly  above  E  and  below  D  roots.  For  pressures  less 
than  B  -  D  coalescence,  in  no  way  a  reacting  steady  solution  can  be  found.  Therefore,  for 
a  given  propellant,  it  can  be  concluded  that  pressure  favors  combustion  stability.  How¬ 
ever,  too  large  pressure  might  cause  Instability  of  the  monodimensional  heterogeneous 
deflagration  wave  (Ref.  20);  but  this  is  out  of  the  range  of  validity  of  this  study.  On 
the  other  side,  for  decreasing  pressures,  the  burning  wave  "jumps"  abruptly  from  the  u- 
sually  steady  configuration  to  a  large  amplitude  self-sustained  oscillations  before  get¬ 
ting  fully  extinguished.  Exactly  this  same  remark  was  made  in  Ref.  1 1  on  a  totally  diffe¬ 
rent  basis.  In  view  of  this,  experimental  techniques  (and  the  very  concept  of  pressure  de¬ 
flagration  limit)  should  be  re-considered  in  this  region  of  marginal  burning. 

Sec.  4  -  CONCLUSIONS  AND  SUGGESTIONS 

It  is  felt  that  conclusive  evidence  has  been  offered  for:  (1)  the  existence  of  a  self- 
sustained  oscillatory  burning  regime  of  a  thermokinetic  nature;  (2)  the  fact  that  the  pro¬ 
perties  of  this  oscillatory  regime  strictly  depend  on  the  final  operating  conditions;  (3) 
the  capability  of  the  comprehensive  nonlinear  combustion  stability  analysis,  developed  by 
the  author  in  Refs.  1-5,  to  predict  the  existence  and  the  basic  properties  of  this  special 
regime  by  means  of  bifurcation  diagrams;  and  (4)  the  applicability  of  the  analysis  to 
both  MTS  and  KTSS  (linearized  and  nonlinearized)  flame  models. 

Although  figures  are  given  only  for  an  AP-based  composite  solid  rocket  propellant,  the  a- 
bove  facts  are  expected  to  hold  true  for  any  condensed,  chemically  reacting  substance  that 
can  be  modelled  within  the  framework  of  a  thermal  theory’  of  heterogeneous  combustion  with 
quasi-steady  gas  phase.  The  behavioi  of  the  steady  deflagration  wave  at  low  pressure  is 
of  particular  Interest ;more  sophisticated  diagnostic  techniques  and  pressure  deflagration 
limit  definitions  are  suggested. 

The  delicate  assumption  of  a  polynomial  space  dependence  of  the  disturbance  thermal  pro¬ 
file  has  to  be  further  investigated.  Other  quasi-steady  flame  models  shall  be  tested  and 
compared.  But  the  quasi-steady  gas  phase  assumption  has  to  be  properly  qualified.  Consi¬ 
dering  the  Importance  of  the  surface  heat  release,  the  assumption  of  constant  specific 
heat  throughout  the  heterogeneous  deflagration  wave  shall  be  dropped.  Exact  predictions 
of  the  oscillating  burning  period  have  yet  to  be  proposed. 

In  conclusion,  the  static  restoring  function,  defined  in  the  framework  of  a  nonlinear 
asymptotic  stability  of  burning  solid  propellants,  demonstrates  the  existence  of  three 
well  defined  static  regimes:  stationary,  self-sustained  oscillatory,  and  extinguished. 

The  self-sustained  oscillatory  burning  regime  is  associated  with  values  of  surface  heat 
release  increasing  with  pressure.  Frequencies  of  the  order  of  100  Hz  and  large  increases 
of  surface  temperature  (up  to  504),  at  pressures  of  the  order  of  10  atm,  were  numerically 
observed  for  both  MTS  and  KTSS  quasi -steady  flame  models. 
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TABLE  1 


Definition  of  nondimensional  variables 


?  = 

P/Pref 

pressure 

n  = 

R/R 

ref 

burning  rate 

x  = 

x/x 

ref 

distance 

T  » 

t/t 

ref 

time 

H  = 

V°ref 

surface  heat  release 

Q  * 

<V<>ref 

gas  heat  release 

F  = 

0 

Vzref 

external  radiant  flux  intensity 

q.  = 

^/Jref 

conductive  heat  flux 

T  = 

T(  )/T(  ),  ref 

temperature,  e.g.Tf  =  Tf/Tf  ref 

6(  1- 

T(  )  -Tref 

temperature,  e.a.  0  =  Ts  rref 

T  -T 

s,ref  ref 

Ts, ref _Tref 

TABLE  2 

Properties  of  solid  composite  propellant  AP/PBAA 
No.  941  used  as  datum  case  in  this  study 


ASSUMED  OR  MEASURED  PROPERTIES 

Endoth. crystal. transition  heat,  Qcr 
Endoth.AP  vaporiz.  heat,  Qv  AP 
Exoth.  AP  decomposition  heat,  QA/pA 
Endoth.  binder  vapor,  heat,  QvB 
AP  content,  p 
Ballistic  exponent,  n 
KTSS  pyrolysis  law  power,  w 
Surface  activation  energy,  Es 
Flame  activation  energy,  Ef 
Condensed  phase  density, pc 
Condensed  phase  specific  heat,  Cc 
Condensed  phase  thermal  dif fusivity, ac 
Gas  phase  specific  heat,  Cg 

Gas  phase  thermal  conductivity, Xg  _ 

Average  products  molecular  weight,  IT) 
Reflectivity  of  propellant  surface,  r 
Minimum  surface  temp,  for  reactions,  Tm 
Matching  surface  temp,  for  pyrolysis,  Tfc 

EVALUATED  PROPERTIES 

Cond. phase  thermal  conductivity,  \c 
Refer,  frequency  factor,  As  ref 
Surface  gasification  heat,  Qg 
Chemical  time  constant,  AM 
Diffusion  time  constant, 

REFERENCE  PROPERTIES 

Pressure,  Pref 

Temperature,  Tref 

Burning  Rate,  Rref  =  R  (Pref) 

Surface  temperature,  Ts,ref  _  Ts(Prej) 

Flame  temperature,Tf  ref 

Distance, xref  =  ac/Rref 

Time,  tref  =  ac/*uref 

Heat,  0ref  =  Cc(Ts,ref  “  Tref) 

Energy  flux,  Iref  =  PcCcRrof <Ts , ref “  Tref) 


20 

cal/g  of  AP 

526 

cal/g  of  AP 

800 

cal/g  of  AP 

225 

cal/g  of  binder 

80 

0.46 

6.00 

« 

16000 

cal/gmole 

20000 

cal/gmole 

1.54 

g/cm3 

0.33 

cal/g-K 

1 .4x10-3 

cm2/s 

0.33 

cal/g-K 

1x1 0~4 

cal/cm-K-s 

26 

g/gmole 

0 

% 

300 

K 

405 

K 

7.12x1  0-1* 

cal/cm-K-s 

2705 

cm/s 

-158.2 

0.338 

2.350 

cal/g  l+endoth. 

68 

atm 

300 

K 

0.837 

cm/s 

1000 

K 

2430 

K 

1 . 673x10-3 

cm 

1 .998x10-3 

s 

231 

cal/g 

297.8 

cal/cm2-s 

TABLE  3 


Maximum  range  of  values  of  surface  heat  release, for  which  self-sustained  oscillating 
combustion  may  occur,  in  function  of  pressure.  Static  restoring  function  evaluated 
for  MTS  flame  with  n-3  at  standard  conditions  (T  =  300K, adiabatic  burning). 


Pressure 
P,  atm 

============ 

====================== 

Surface  Heat  Release, 

============================ 

Os,cal/g 

A-D  roots 
coalescence 

B-D  roots 
coalescence 

|Qs|=  VW 
at  standard  conditions 

1  Qsl  “  Cc<VV 

at  standard  conditions 

to 

-168 

-197 

-688.4 

-199.4 

20 

-182 

-212 

-691 .2 

-210.2 

30 

-190 

-222 

-693.7 

-216.9 

40 

-195 

-230 

-696.0 

-221 .8 

50 

-200 

-235 

-698.5 

-225.7 

60 

caeaaarsxs: 

-205 

==  =  =  =  =  =  =  =  =  =  =  = 

-240 

E  =  =  =  =  =  =  =  =  =  =  = 

=  = 

-700.9 

:==================: 

-228.7 

TABLE  4 


Computer  simulated  transient  tests  showing  agreement  with 
analytical  predictions  of  the  bifurcation  diagram  (cf.  Fig.  3). 

All  runs  performed  for  adiabatic  burning  and  T  =  300  K. 

a 

========================================================================================= 


Qs 
co  Lb 

flame 

model 

Pi 

Pf 

forcing 

function 

Bp 

solution 

e 

s,rcax 

©  . 
s,min 

TP 

es(E> 

6S(D) 

es(A) 

Tth,c 

-150 

MTS 

10 

30 

expon. 

i 

stationary’ 

_ 

_ 

0.929 

2.33 

-158. 

,2  MTS 

10 

30 

expon. 

i 

stationary’ 

= 

S 

= 

= 

= 

0.937 

2.11 

-180 

MTS 

10 

30 

expon. 

i 

stationary 

= 

= 

= 

1.43 

1.04 

0.962 

1.56 

-190 

MTS 

10 

30 

expon. 

i 

(*)  Small 
damping 

1.45 

0.82 

1.96 

1.53 

0.976 

0.976 

1.32 

-200 

MTS 

10 

30 

expon. 

i 

oscillating 

1.65 

0.82 

1.5 

1.61 

0.94 

0.992 

1.10 

-210 

MTS 

10 

30 

expon. 

i 

extinction 

= 

c 

« 

1.68 

0.90 

1.011 

0.88 

-220 

MTS 

10 

30 

expon. 

i 

extinction 

= 

= 

s 

1.75 

0.86 

1.032 

0.70 

-230 

MTS 

10 

30 

expon. 

i 

extinction 

= 

= 

= 

1.81 

- 

1.057 

0.54 

-200 

MTS 

1C 

30 

expon. 

200 

oscillating 

1.65 

0.82 

1.5 

1.61 

0.94 

0.992 

1.10 

-200 

MTS 

10 

30 

linear 

40 

oscillating 

1.65 

0.827 

1.5 

1.61 

0.94 

0.992 

1.10 

-200 

MTS 

10 

40 

expon. 

200 

oscillating 

1.58 

0.84 

1.3 

1.60 

0.99 

1.009 

0.90 

-200 

MTS 

20 

40 

expon. 

200 

oscillating 

1.58 

0.84 

1.3 

1.60 

0.99 

1.009 

0.90 

-200 

MTS 

30 

40 

expon. 

200 

oscillating 

1.58 

0.84 

1.3 

1.60 

0.99 

1.009 

0.90 

-200 

MTS 

10 

50 

expon. 

200 

oscillating 

1.45 

0.86 

1.2 

1 .59 

1.022 

1.022 

0.78 

-200 

MTS 

40 

50 

expon. 

200 

oscillating 

1.45 

0.86 

1 .2 

1.59 

1.022 

1.022 

0.78 

======*===============================: 


=  =  =  sssssssassssssssssssswiessss:  srsssr 


(»)  values  taken  at  the  7th  cycle 


STATIC  RESTORING  FUNCTION,  f  (0,S-0S) 


Fig.  la  -  Schematic  diagram  of  the  physical  problem. 

tb  -  Schematic  diagram  of  energy  balance  at  the  surface. 


ADIABATIC  CONDENSED  PHASE  AT  GIVEN  PRESSURE 
AND  AMBIENT  TEMPERATURE 


Fig.  2  -  Qualitative  sketch  of  the  static  restoring  function,  for  increasing  surface 

heat  release,  showing  the  appearance  of  a  second  pair  of  roots,  D  and  E,  fo 
the  reacting  mode  (upper  dynamic  instability).  MTS  and  KTSS  non  1  inear ized 
flames. 


NONDIM.  SURFACE  TEMPERATURE  G, 


AP/PBAA  No.  941 
P  =  30  atm 
Ta=300  K 
ADIABATIC 
MTS  FLAME.  n=3 


m 


Fig.  3 


-100  -150  -200 

NONDIM.  SURFACE  HEAT  RELEASE,  C^cal/g 


Bifurcation  diagram,  at  30  atm  of  pressure,  predicting  the  existence  of 
three  static  regimes  (stationary  for  |QS|?190  cal/g,  extinguished  for 
|Qg|i22 2  cal/g,  self-sustained  oscillating  in  between) .Static  restoring  func 
tion  evaluated  for  MTS  flame  with  n=3  at  standard  conditions  (T  =  300  K,  a- 
diabatic  burning) . 


NONCXM  SURFACE  TEMPERATURE.  0 


0  1  2  4  6  0  1  0  1  2.  1  4.  1  6  1  8.  2  0.  2  2. 
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Fig.  4  -  Computer  simulated  pressurization  tests  confirming  the  existence  of  three 

possible  static  regimes  (stationary  for  Os  =  ''80  cal/g,  self-sustained  o- 
scillating  for  Qs  =  -200  cal/g,  extinguished  for  0S  *  -220  cal/g) .  MTS  flame 


NONCXM.  SURFACE  TEMPERATURE, 0S 


Fig.  6  -  Upper  and  lower  dynamic  stability  boundaries  (MTS  flame,  n=3)  on  a  surface 

temperature  vs  pressure  plot,  for  Q=  =  -180  cal/g,  showing  the  existence  of 
three  static  regimes  (extinguished,  self-sustained  oscillatory,  and  statio 
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DISCUSSION 


H.F.R.Schoyer,  Delft  University,  Ne 

In  your  model  you  have  assumed  a  constant  pressure.  However  fluctuations  in  surface  temperature  can  occur  due 
to  variations  of  heat  flux  into  the  burning  surface  and  the  heat  release  in  the  substrate  due  to  sub-surface  reactions. 
In  a  real  rocket  motor  the  pressure  will  fluctuate  out  of  phase  with  the  surface  temperature  fluctuations  and  out  of 
phase  with  burning  rate  fluctuations.  The  pressure  oscillations  will  result  in  strong  heat  transfer  oscillations,  both 
conductive  and  convective.  This  is  not  accounted  for  in  your  model.  Can  you  comment  on  how  this  would  affect 
the  instability  in  the  motor? 

Author's  Reply 

l he  tirst  part  ot  youi  remarks  is  correct.  The  model  presented  has  no  tight  coupling  with  the  environment  that 
produces  the  pressure  oscillations. 

With  regard  to  the  second  part  of  your  remarks  I  would  say  that  the  heat  feed  back  fluctuation  is  due  primarily  to 
fluctuation  in  rate  of  burning  rather  than  pressure.  Whilst  combustion  may  be  the  triggering  mechanism  for  overall 
motor  instability,  the  etfects  of  fluid-dynamics  coupling  are  strongly  dependant  on  the  actual  operating  conditions. 


LOW  FREQUENCY  OSCILLATORY  COMBUSTION;  EXPERIMENTS  AND  RESULTS 

by 

H.F.R.  Schoyer 

Delft  University  of  Technology,  Dept,  of  Aerospace  Eng. 
Kluyverweg  I,  2629  HS  Delft 
The  Netherlands 

Consultant  National  Defense  Organization  TNO, 

Prins  Maurits  Laboratory,  Technological  Research, 

Lange  Kleiweg  137,  P.0.  Box  43,  2280  AA  Rijswijk, 

The  Netherlands 


SUMMARY 

During  the  combustion  of  solid  propellants  in  rocket  motors,  low  frequency  oscillations  may  occur  as 
a  result  of  the  time  lag  between  a  pressure  fluctuation  and  the  resulting  efflux  of  combustion  products 
through  the  nozzle  and  the  reaction  of  the  propellant  to  the  pressure  fluctuation.  The  residence  time  of 
the  combustion  product^  is  proportional  to  the  characteristic  length  of  the  rocket  motor.  These  oscillations 
are  therefore  called  L  oscillations.  ^ 

Experiments  have  been  carried  out  employ ing  an  L  -burner  with  a  3  cm  i.d.  and  one  with  a  10  cm  i.d. 
Double  base,  as  well  as  composite  propellants  have  been  tested.  The  results  obtained  with  two  burners  of  a 
different  size,  but  with  one  type  of  propellant  agree  very  well.  There  are  noticeable  differences  between 
the  oscillatory  combustion  of  the  double  base  and  the  composite  propellant.  Chuffing  has  frequently  been 
observed  with  the  double  base  propellants,  while  dp/dt  extinguishment  has  been  observed  in  the  majority  of 
cases  of  oscillatory  combustion  of  the  composite  propellant.  Both  propellants  display  a  relation  between 
the  frequency  of  the  oscillations  and  the  mean  pressure.  From  the  experiments,  stability  boundaries  could 
be  estimated  for  both  types  of  propellants.  In  addition  the  imaginary  part  of  the  response  function  has 
been  estimated  for  the  composite  propellant. 

A  computer  program  had  been  develloped  and  has  been  applied  successfully  for  the  digital  data 
reduction  of  the  experimental  results.  It  is  felt  that  the  application  of  this  data  reduction  program  has 
largely  improved  the  reliability  of  the  results. 


LIST  OF  SYMBOLS 


A 

B 

C 

F 


m 

n 


constant 

constant 

proportionality  constant 
frequency 
V  -  I 

characteristic  length  of  the  rocket  motor, 
i.e.  ratio  of  chamber  volume  to  nozzle 
throat  area 

mass  flow  per  unit  area 
burning  rate  exponent 
pressure 

initial  pressure  amplitude 
propellant  response  function 
burning  rate 

variable  defined  in  Eq.  (7) 
combustion  temperature 
(initial)  propellant  temperature 


a  growth  constant 
T  Vandenkerckhove  function 

Y  ratio  of  specific  heats 

u  thermal  diffusivity 
o  standard  deviation 
SI  dimensionless  frequency 

(  )!  perturbed  quantity 
(  )  imaginary  part 
(  )  real  part 
(  ) ^  critical 
(  )l  ^effect ive 
(  )d  damping 


INTRODUCTION 

Unstable  combustion  in  solid  rocket  motors  may  manifest  itself  in  various  ways.  If  no  stable  equilibrium 
pressure  can  be  reached,  premature  extinction  or  an  explosion  may  occur.  The  classical  stabil ity. condition 
to  prevent  this  is  a  burning  rate  exponent  smaller  than  unity,  or  more  precise,  n  <  (y  ♦  l ) / 2y V  •  In  many 
cases,  combustion  instability  manifests  itself  in  (large)  pressure  fluctuations.  Their  occurrence  may  be 
explained  by  a  time  lag  between  the  pressure  fluctuation  and  the  fluctuation  in  the  mass  production  of 
the  burning  propellant.  If  this  time  lag  equals  a  phase  angle  between  n/2  and  3n/2  the  fluctuations  of  the 
mass  production  at  the  burning  surface  will  amplify  the  pressure  fluctuations.  If  the  fluctuation  in  the 
amount  of  pyrolysis  products  at  the  burning  surface  is  large  in  comparison  to  the  pressure  fluctuation 
the  amplitude  will  grow  rapidly. 

If  reliable,  unsteady  combustion  models  for  solid  propellants  were  available, the  time  lag  between  a 
pressure  fluctuation  and  the  fluctuation  in  the  pyrolysis  products  could  be  predicted  from  such  a  model, 
like  the  growth  of  the  pressure  fluctuation. 

Expressing  the  pressure  fluctuation  and  the  fluctuation  in  thq.mass  flow  from  the  burning  surface  as 
complex  quantities,  one  may  define  a  propellant  response  function  : 

<l) 

P'/P 


It  will  be  evident,  that  in  a  rocket  motor,  or  test  device  employing  solid  propellants,  in  which 
pressure  oscillations  occur,  the  amplitude  history  and  frequency  are  related  to  this  response  function. 
This  allows  us  to  turn  the  problem  around.  If  we  deliberately  generate  these  oscillations,  we  may  deduce 
the  response  function  from  the  frequency  and  growth  in  amplitude.  Tins  reponse  function,  if  measured  over 
the  entire  temperature,  pressure  and  frequency  ranges  of  interest,  can  be  regarded  as  an  additional 
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propellant  characteristic  and  may  bo  used  to  predict  whether  a  rocket  motor  will  display  oscillatory 
burning  or  not.  On  the  other  hand  knowledge  of  the  response  function  may  help  to  give  us  a  better  under- 
standing  of  the  combustion  mechanism  of  solid  propellants.  Any  good  combustion  model  should  at  least 
correctly  predict  the  burning  rate  and  the  propellant  response  function.  Measuring  the  propellant  response 
function  therefore  is  both  of  practical  interest  in  so  far  as  it  may  help  to  design  inherently  stable 
solid  rocket  motors,  and  oi  more  academic  interest  to  get  a  better  understanding  of  the  combustion 
processes. 

It  is  for  these  reasons  that  in  many  co^ytries  special  test  devices  have  been  devel loped  and  are 
used.  The  most  common  ones  are  the  T-burner '  ,  the  pulsed  motor  and  the  L  -burner .  . 

The  T-burner  is  especially  suited  for  experiments  at  higher  frequencies. The  pulsed  motor  which 
has  been  devel loped  i|j. France,  should  cover  the  entire  frequency  range.  Variations  of  the  pulsed  motor 
have  been  ^jevel loped  they  should  allow  a  more  accurate  data  reduction. 

The  L  -burner  is  suited  ^or  low  frequency  experiments;  i.e.  the  oscillatory  frequency,  in  general, 
will  not  exceed  to  400  s  .  With  our  experiments  we  have  concentrated  on  these  low  frequency 
oscillations  in  L  -burners.  The  pressure  oscillations  that  may  occur  in  an  L*-burner  are  the  result  of 
the  time  lag  in  the  resonse  of  the  burning  propellant  to  a  pressure  fluctuation  and  the  characteristic 
time  of  the  rocket  motor,  i.e.  the  time  it  takes  for  the  combustion  products  to  be  exhausted  from  the 
combustion  chamber.  According  to  a  simple  linear  acoustic  analysis,  the  pressure  fluctuations  should  be 
in  phase  at  both  ends  of  the  combustion  chamber^  . 

During  many  of  our  test  runs,  we  have  measured  the  pressure  at  both  ends  of  the  combustion  chamber, 
and  we  always  noted  that  the  pressure  oscillations  were  perfectly  in  phase.  This  is  illustrated  in  fig.  I. 


Fig.  1.  l't\'88uve  during  IT  oscillations.  The  pressure  is  measured 
at  bt>th  ends  of  the  chamber;  the  oscillations  are  in  phase. 

The  frequency  of  this  particular  oscillation  corresponds  to  roughly  170  s  * .  A  critic  may  remark  that 
this  perhaps  represents  the  second  harmonic,  as  for  the  second  harmonic  the  pressure  at  both  ends  of  the 
chamber  would  also  be  in  phase.  The  conditions  for  this  specific  testrun^  shown  in  fig.  1,  however,  were 
such,  that  the  second  harmonic  would  require  a  frequency  of  -  200.000  s 

We  have  used  both  double  base  and  composite  propellants.  The  appearance  of  the  oscillatory  pressure 
history  differs  significantly  for  these  two  types  of  propellant. 

We  have  also  spent  considerable  time  in  devel loping  a  reliable  ignition  procedure. 

We  found  that  the  ignition  may  have  a  profound  influence  on  the  accuracy  and  the  history  of  oscilla¬ 
tory  combustion;  therefore,  a  reliable  and  repoducible  ignition  procedure  is  of  prime  importance. 

INSTRUMENTATION 

For  the  test  runs  two  L*-jjurners  have  been  used;  one  with  a  S  cm  and  one  with  a  10  cm  internal 
diameter.  A  schematic  of  the  L  -burner  is  given  in  fig.  2. 


PRESSURE  TRANSDUCER 

Fig.  2.  Schematic  of  the  l*~bumer 


It  consists  of  a  cylindrical  chamber  with  a  piston  at  one  end  and  a  nozzle  end  plate,  containing  a  nozzle, 
at  the  other  side.  Circular  disks  of  propellant  are  bonded  to  the  piston.  Burning  is  restricted  to  the 
flat  face  of  the  propellant  disk  by  inhibitor  at  the  periphery  of  the  disk.  There  is  a  large  variety  of 
nozzles,  which  allows  us  to  select  the  equilibrium  pressure  for  steady  burning.  This  equilibrium  presbure 
follows  from 

pt  -  (Pb  a  ✓  RT.  K/r)1""  (.2) 

where  the  klemmung,  K,  stands  for 

K  *  Sb/At  (3) 


The  characteristic  length  of  the  L*-burner  follows  from 


L*  -  L(D/Dt)2 


(4) 


i.e.  the  distance  of  the  propellant  surface  to  the  nozzle  times  the  square  of  the  ratio  of  chamber-  and 
throat-diameter.  During  a  test  run  propellant  is  consumed,  and  the  distance  of  the  propellant  to  the 
nozzle  increases.  If  a  test  run  is  to  be  carried  out  at  a  specific  L  range,  one  can  adjust  the  distance 
of  the  propellant  to  the  nozzle  to  the  required  val^e. 

If  should  be  noteg  that  the  characteristic  length  L  ,  is  directly  related^to  the  characteristic  time  or 
residence  time,  t  ,  of  the  combustion  products  in  the  combustion  chamber  ^  : 

L*  -  T*  .  r  J  RT  (5) 

C 


The  pressure  is  measured  by  piezo-electric  transducers  at  the  nozzle  end  plate,  and  directly  behind  the 
propellant  at  the  surface  of  the  piston.  That  it  is  possible  to  measure  the  pressure  through  the  pro¬ 
pellant  is  due  to  the  extremely  high  rigidity  of  the  piezo-electric  transducers,  which  hardly  allows  any 
deformation  of  the  propellant.  As  can  be  seen  from  fig.  I  there  is  no  loss  of  signal. 

The  pressure  is  recorded  on  an  Ultra  Violet  oscillograph,  with  high  frequency  response  galvanometers 
and  an  F.M.  instrumentation  ^apg^ recorder .  This  analogue  signal  is  digitalized.  A  special  data  reduction 
program  has  been  devellopedv  *  by  which  the  digital  information  is  analyzed.  The  instantaneous  L  is 

estimated  by  integrating  the  mean  burning  rate.  As  the  initial  and  final  L  values  for  a  test  run  are 
known,  the  estimated  L  values  are  adjusted  such  that  they  match  with  the  initial  and  final  l  values. 

For  the  earlier  test  runs  this  refined  numerical  data  reduction  was  not  yet  available,  and  data 
reduction  was  done  "by  hand".  All  data  for  experiments  with  double  base  propellants  have  been  reduced 
"by  hand";  the  data  reduction  for  all  test  runs  with  composite  propellants  has  been  done  with  help  of 
the  computer. 

IGNITION 


For  operational  rocket  motors,  a  short  ignition  delay  is  of  utmost  importance.  For  experimental 
testruns,  a  short  ignition  delay  time,  though  desirable,  is  not  very  important.  The  prime  requirements 
for  testruns  with  oscillatory  combustion  are: 
smooth  ignition 

reproducible  pressure  histories  during  testruns. 

Moreover,  the  ignition  device  should  easily  be  applied. 


We  have  experimented  with  many  different  ignition  techniques,  varying  from  pyrotechnic  squibs,  in  com¬ 
bination  with  igniter  mixtures,  to  a  pyrotechnic  paste  which  is  ignited  by  a  hot  wire. 

The  squibs  and  many  of  the  pyrotechnic  mixtures  often  lead  to  irreproducible  pressure  spikes.  We  found 
that  these  pressure  spikes  may  trigger  oscillatory  combustion,  while  a  similar  test  run,  in  absence  of  a 
pressure  spike  yielded  a  rgther  smooth  pressure  history.  This  is  illustrated  by  fig.  3,  which  shows  the 
pressure  history  for  two  L  -burner  tests  under  similar  conditions,  with  the  exception  that  for  testrun 
no.  303A,  I  g  of  ignition  mixture  was  used  while  for  testrun  303B,  2  g  of  ignition  mixture  was  used. 


Test  no. 

303  B 

A- — v 

Fig .  Tuo  1?  tee t rune  under  eimilar  conditioner  The  ignition 
peak  in  teetrun  S03B  caueed  oecillatory  comhuetion . 

This  lead  to  ignition  peaks  of  respectively  0,3  and  2,2  MPa.  We  atttribute  the  occurrence  of  oscillatory 
combustion  to  this  difference  in  ignition  pressures. 

We  finally  arrived  at  a  pyrotechnic  lacquer  which  is  pasted  on  one  face  of  the  propellant  disks.  The 
composition  of  this  lacquer  is  presented  in  Table  I.  An  electric  wire  is  imbedded  in  the  pyrotechnic 
lacquer.  After  its  devel lopment ,  this  ignition  technique  has  been  used  with  all  subsequent  testruns.  It 
has  been  found  that  this  method  provides  us  with  a  very  good  reproducibility  and  no  need  is  felt  for 
further  improvements. 
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Table  I:  Composition  of  successful  pyrotechnic  lacquer. 


Potassium  Nitrate 
Blackpowder  (meal) 

Si  1  icon 

A  solution  of  73  g  smokeless 
propellent  PH  3179  in 
1000  cm  acetone 


20Z  (by  weight) 
I 0Z  (by  weight) 
20Z  (by  weight) 
30Z  (by  weight) 


Composition  of  Double  base  propellant  PH  5179. 


52 

7  Z 

(by 

weight) 

42 

85Z 

(by 

weight) 

2 

Z 

(by 

weight) 

0 

43Z 

(by 

weight) 

1 

5  Z 

(by 

weight) 

0 

15Z 

(by 

weight) 

0 

35Z 

(by 

weight) 

Cellulose  Nitrate 
Glycerol  Trinitrate 
Centralite  1  (ethyl) 

Vaseline 

Potassium  Nitrate 
Craphite 
Hoist 

EXPERIMENTS  WITH  DOUBLE  BASE  PROPELLANTS 

Experiments  with  double  base  propellants  employed. JPN  and  ARP  propellant.  These  experiments  have  been 
reported  in  detail  by  De  Boer,  Schoyer  and  Wolff'  ’  .  For  JPN  propellant,  oscillatory  combustion  has 

only  been  observed  in  four  teslruns  out  of  66.  The  oscillations  seemed  to  have  been  triggered  by  ignition 
peaks,  and  were  not  well  reproducible.  During  7  out  of  60  testruns,  oscillatory  combustion  of  AKF  propellant 
has  been  observed.  There  was  no  high  ignition  peak  so  that  oscillations  cannot  have  been  triggered  by 
such  a  peak. 

Moreover,  the  phenomenon  was  well  reproducible. 

Experiments  with  ARP  propellant. 

The  composition  of  ARP  propellant  is  listed  in  Table  2. 

Table  2:  Composition  of  ARP  propellant 


Cellulose  Nitrate 
Clycerol  Trinitrate 
Triacetin 
Lead  salts 
Additives 


49, 9Z  (by  weight) 
36, 4Z  (by  weight) 
4  Z  (by  weight) 
4  Z  (by  weight) 
5,7Z  (by  weight) 


All  testruns  during  which  oscillations  have  been  observed,  have  been  ignited  by  the  pyrotechnic  lacquer 
and  the  ignition  peaks  have  been  low  (between  0,2  MPa  and  0,4  MPa).  In  all  cases  the  ignition  is 
followed  by  chuffs  (between  4  and  81)  before  a  definite  pressure  build-up  occurs. 

The  oscillations,  in  general,  start  before  equilibrium  (mean)  pressure  is  reached.  It  may  be  that 
the  oscillatory  nature  of  the  combustion  delays  the  moment  at  which  equilibrium  (mean)  pressure  is 
reached.  A  typical  pressure  history  such  as  has  been  observed  during  oscillatory  combustion  of  ARP  pro¬ 
pellant,  is  presented  in  fig.  4. 


Fig.  4.  if  oscillations  of  ARP  propellant  (10  ivn  L  -burner) 

This  particular  exp|riment,  has  been  conducted  in  the  10  cm  L*-burner. 

Jig.  5  shows  L  oscillations  during  a  testrun  which  hjs  been  carried  out  at  about  the  same  pressure 
and  L  ranges  as  the  test  run  of  fig.  4,  but  in  the  5  cm  L  -burner.  Though  not  exactly  replicas  of  each 
other,  the  figures^re  very  much  alike  and  display  many  similar  features,  which  have  also  been  observed 
in  other  testruns''  : 

-  After  the  initial  pressure  rise,  the  pressure  levels  off  for  a  short  period  at  about  0,5  MPa.  At  this 
low  pressure  level  high  frequency,  small  amplitude  oscillations  are  seen. 

-  The  low  pressure  level  is  followed  by  a  rise  in  mean  pressure  upon  which  pressure  oscillations  with  a 
rather  large  amplitude  arc  visible. 

-  After  equilibrium  pressure  is  reached,  the  oscillations  rapidly  decay  and  steady  burning  results. 

The  observed  dimensionless  pressure  amplitude  and  the  frequency  of  the  testrun  of  fig.  4  are  shown  in 
che  f  igs.  6  and  7 . 
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Fig.  b.  £*  vacillations  of  ARP  propellant  ( 5  cm 
IT -burner) 
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Fig.  6.  Pressure  amplitude  during  L*  oscillations 
of  ARP  propellant  in  the  10  cm  L  -burner 


Fig.  7.  Frequency  during  l*  oscillations  of  ARP 
propellant  in  the  10  cm  lx-bumer 

It  can  be  seen  from  these  figures,  that  at  the  very  beginning  the  pressure  amplitude  is  small  and  the 
frequency  is  high.  Moreover,  the  pressure  amplitude  history,  fig.  b,  is  seen  to  he  more  or  less  parabolic 
on  the  logarithmic  scale,  while  the  frequency,  fig.  7,  seems  ro  increase  about  linearly  with  time.  This 
last  phenomenon  has  been  observed  during  most  cases  of  oscillatory  comhystion  ofyRP  propellant. 

During  this  particular  testrun  the  frequency  increases  from  -22  s  to  4b  s  .  The  mean  pressure 
during  the  oscillations  also  increases.  If  one  considers  an  oscillatory  temperature  profile  in  the  burning 
propellant,  this  is  associated  with  a  dimensionless  frequency'  '  (l  -  2nFi/r  .  Such  an  oscillatory  tempe¬ 
rature  profile  may  be  caused  by  oscillatory  heat  transfer  into  the  propellant,  due  to  the  pressure 
fluctuations.  In  fig.  8,  for  this  particular  test  run,  the  dimensionless  frequency  has  been  plotted  versus 
time.  It  is  seen  that  the  variation  in  this  dimensionless  frequency  il  is  much  smaller  than  the  variation 
in  the  frequency  F.  While  the  frequency  during  this  testrun  ini  -eases  with  about  100  I,  the  dimensionless 
frequency  only  increases  from  -0,12  to  -0,155  or  -30  X,  which  seems  to  confirm  that  heat  transfer  into  the 
burning  propellant  is  a  prime  rate  controlling  factor. 

When  combining  all  available  data  from  the  experiments  with  ART  propellant,  it  has  been  found  that 
there  is  a  strong  correlation  between  the  observed  frequency  and  the  mean  pressure  at  which  the 
oscillations  take  place.  This  is  illustrated  by  fig.  9.  There  are  two  branches;  high  frequency 
oscillations  at  a  low  mean  pressure  and  lower  frequency  oscillations  at  higher  mean  pressure  levels.  The 
figure  suggests  linear  relationships  between  pressure  and  frequency.  The  same  data  are  also  plotted  in 
fig.  10.  This  figure  displays  some  interesting  features:  First  of  all  we  note  that  the  high-frequency 
low-pressure  branche  has  changed  its  slope  from  positive  to  negative,  while  il  ranges  from  .1  to  7,5. 
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Fig.  8.  Dimensionless  frequency  during  L* oscillations 
of  ARP  propellant  in  the  10  cm  l -burner 


Fig  9.  Correlation  of  mean  pressure  and  frequency  during 
oscillations  of  ARP  propellant 
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Fig.  10.  Correlation  of  mean  pressure  and  dimensionless 
frequency  during  oscillations  of  ARP  propellant 

The  actual  frequency  F  only  ranges  from  -40  s  'to  90  s  In  the  low  frequency-high  pressure  branch,  the 

dimensionless  frequency  ranges  from  -0,08  to  -0,18,  while  the  actual  frequency  range  is  from  -10  s  to 
50  s  .  This  seesis  to  imply  that  there  are  two  different  mechanisms  taking  place.  The  high-frequency 
oscillations  take  place  at  the  low  level  pressure  plateau,  just  after  (re)ignition  of  the  propellant.  It 
could  be  argued,  that  the  propellant  is  not  yet  fully  ignited  at  this  point  and  that  flame  spreading  has 
something  to  do  with  it,  but  without  more  detailed  information,  it  is  not  possible  to  draw  any  firm 
conclusion.  The  behavior  of  the  low  frequency  oscillations  at  the  higher  pressure  levels  seems  to  confirm 
that  indead  oscillatory  heat  transfer  into  the  propellant  is  one  of  the  major  factors  in  oscillatory 
combustion  of  double  base  propellants. 

It  has  been  tried  to  estimate  the^propellant  growth  constants  by  comparing  the  results  of  different 
experiments.  Owing  to  the^use  of  two  L  burners  of  different  size,  it  has  been  possible  to  repeat  experi¬ 
ments  at  about  the  same  L  and  combustion  pressure  with  different  chamber  volumes.  In  all  cases,  after 
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an  initial  growth,  the  amplitude  of  the  oscillations  decays  rapidly.  This  decay  may  be  attributed  to 
various  losses  in  the  combustion  chamber.  If  the  losses  depend  on  geometrical  quantities  a  damping 
constant  may  be  estimated. 

It  is  assumed  that  the  effective  growth  constant,  a  ,  is  the  difference  between  the  propellant 
growth  constant  and  a  damping  constant:  e 


a  c.  -  a  -  a. 

ef  f  d 

If  the  damping  is  proportional  to  the  chamber  volume  or  the  exposed  wall  surface  area,  then 


(6) 


ad  -  C.T  (7) 

C  is  a  proportionality  constant,  and  T  stands  for  the  chamber  volume  or  the  exposed  wall  surface  area. 
The  propellant  growth  constant  may  be  estimated  from  two,  more  or  less  similar  tests  I  and  2: 


(a 


eff, 


T2  - 


ef  f  _ 


V/(T2  '  V 


(8) 


The  best  correlation  is  obtained  if  the  damping  is  assumed  proportional  to  the  gas  volume.  The 
results  are  shown  in  Table_^.  The  values  of  the  growth  constants  are  of  same  order  of  magnitude  as  the 
growth  constant,  a  -  5.7  s  ,  which  has  been  observed  during  a  testrun  with  a  prolongued  growth  of  the 
oscillations. 


Table  3:  Estimated  ARP  propellant  growth  constants 
Frequency,  F(s  *)  Growth  constant  a(s  *) 


21 

-2,84 

25 

0,52 

30 

1,38 

The  growth  constant,  a,  versus  the  frequency,  F,  is  shorn  in  fig.  II. 
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Fig.  11.  Estimated  Growth  Constant  for  ARP  propellant 

Below  ~25  Hz,  a  <  0  which  implies  that  any  oscillation  below  this  frequency  is  damped,  even  if  there 
were  no  other  damping  mechanisms.  According  to  fig.  II,  above  ~25  Hz  the  propellant  will  drive 
oscillations. 

It  has  Jjeen  observed  -  see  figs. 4  and  5  -  that  the  oscillations  decay  with  increasing  time  or 
increasing  L  .  It  seems  logical  to  assume  that  past  the  point  where  the  oscillations  seem  to  disappear 
or  merge  with  the  noise,  no  (appreciable)  oscillations  will  take  place  anymore.  Therefore,  Kumar' 
detines  "the  point  where  the  pressure  amplitude  merges  with  the  noise  level  in  the  time-inpendent 
combusfion"  as  a  locus  of  the  stability  boundary  in  the  L*  -  p  plane.  Such  a  stability  boundary  for  ARP 
propellant  is  shorn  in  fig.  12. 


Fig.  12.  Stability  boundary  of  ARP  propellant 


Though  the  scatter  is  large,  the  scatter  between  the  data  of  the  3  cm  burner  and  the  10  cm  burner  is  not 
larger  than  the  scatter  in  the  data  of. one  type  of  burner.  Moreover,  it  does  not  seem  to  be  worse  than 
observed  in  similar  stability  plots' 

Chuf f ing  has  been  observed  in  many  cases,  sometimes  preceding  oscillatory  combustion,  but  many 
times  only  cnuffing  took  place.  Often  more  than  100  chuffs  in  succession  have  been  counted.  In  those 
cases  that  oscillatory  combustion  was  preceded  by  chuffing,  it  has  been  noted  that  this  may  be  either 
by  a  few  chuffs  (4  to  6)  or  by  a  great  many  ones,  81. 

Experiments  with  composite  propellants 

Experiments  with  composite  propellants  concentrated  on  a  polyurethane  propellant  ANP-2608.  The  composition 
of  the  propellant  is  listed  in  Table  4. 

Table  4:  Composition  of  ANP-2608  propellant 

AP  81,9  Z  Wetting  agents  0.2IZ 

Polyurethane  I2.44Z  Catalyst  0,05Z 

Additives  2.I0Z  Antioxidant  0,20Z 

Plasticizer  3.I0Z  (percentages  by  weight) 

More  than  bO  testruns  have  been  made;  more  than  30  of  these  showed  oscillatory  combustion.  Frequently 
dp/dt  extinguishment  has  been  observed  followed  by  reignition,  so  that  more  than  80  different  pressure 
histories  have  bjen  obtained.  Chuffing  was  not  very  prominent.  Experiments  were  carried  out  both  in  the 
5  cm  and  10  cm  L  -burner;  the  results  agree  very  well.  Ij  the  following,  results  of  these  experiments 
are  presented.  There  are  many  similarities  between  the  L  oscillations  of  ANP-2608  composite  propellant 
and  ARP  double  base  propellant  but  there  are  also  noticeable  dif f erencies . 

In  the  majority  of  cases  the  pressure  histories  which  showed  L*  oscillations  displayed  a  (more 
or  less  regular)  rise  in  pressure;  shortly  after  which  oscillations  with  a  growing  amplitude  appeared, 
followed  by  dp/dt  extinguishment.  Often  reignition  took  place  and  the  sequence  repeated  itself.  In 
some  cases  four  successive  repetitions  have  been  observed.  In  16  cases,  after  initially  growing  amplitudes, 
the  amplitude  levelled  off  and  then  decayed.  In  the  figs.  13  and  14  typical  pressure  histories,  as 
observed  in  the  5  cm  and  10  cm  burners  are  depicted. 
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Fig.  11.  L  oscillations  of  ANF-2608  propellant 
(S  am  L  -burner) 


Fig.  14.  h  oscillations  of  ANF-2608  propellant 
(10  cm  IT -burner) 


Fig.  13  shows  a  pressure  history  which  has  been  obtained  in  the  5  cm  L  -burner.  The  mean  pressure 
during  oscillations  ranges  between  2  MPa  and  j^,8  MPa,  while  the  L  ranges  between  0,22  m  and  0,32  m.  A 
pressure  history  as  obtained  with  the  10  cm  L  -burner  has  been  depicteg  in  fig.  14.  The  mean  pressure 
during  the  oscillations  ranges  between  1,2  MPa  and  1,1  MPa  while  the  L  varies  from  0,38  m  to  0,64  m.  The 
similarity  is  evident;  the  difference  with  the  pressure  histories  for  ARP  propellant  also  is  obvious. 
Oscillations  here  start  with  a  small  amplitude  and  there  is  no  lofc—level  pressure  plateau  with  higher 
frequency  oscillations. 

From  the  experiments,  the  loci  of  points  where  dp/dt  extinguishment  has  been  observed,  and  the  loci  of 
points  where  the  oscillation  disappeared  due  to  damping  have  been  compiled.  From  the  loci  o:  points  where 
the  amplitude  of  the  oscillation  disappears  in  the  noise  of  the  steady  signal  a  "mean  boundary,  MSB"  has 
been  estimated  with  a  linear  regression  technique.  This  MSB  has  been  plotted  in  fig.  15.  In  the  same  way 
a  "mean  boundary,  for  dp/dt  extinguisment ,  MBE"  has  been  estimated  from  the  loci  of  points  where  dp/dt 
extinguishment  has  been  observed.  This  MBE  has  been  plotted  in  fig.  15  as  a  dashed  line.  It  should  be 
noted  that: 

1.  the  MSB  and  the  MBE  are  parallel  within  the  accuracy  of  the  measurements 

2.  alt  logi  for  damping  of  oscillations  lie  above  or  on  the  MBE.  As  dp/dt  extinguishment  occurs  in  the 

case  of  rapidly  growing  amplitudes,  this  is  understandable.  ^ 

3.  there  is  a  tendency  for  dp/dt  extinguishment  to  take  place  gt  lower  L  values,  while  damping  of 

oscillations  has  the  tendency  to  occur  at  somewhat  larger  L  values.  ^ 

Fig.  16  shows  the  region  in  the  frequency-pressure  amplitude  domain,  where  L  oscillations  have  been 
observed.  Recall  that  in  the  majority  of  cases,  dp/dt  extinguishment  occurred.  So  the  dashed  line  in  fig. 
16  may  be  interpreted  more  or  less  as  a  dp/dt  extinguishment  boundary. 

Of  one  assumes  that  dp/dt  extinguishment  takes  place  if  the  actual  rate  of  change  of  the  pressure  becomes 
smaller  than  a  certain  critical  value,  i.e.  dp/dt  extinguishment  occurs  if  dp/dt  <  (dp/dt j^^then,  one  may 


easily  show  that  there  is  a  relation  between  the  frequency,  the  pressure  amplitude,  and  the  critical  rate 
of  change  of  the  pressure: 


(dp/dt)cr  »  -2xFp' 


(9) 


Fig.  li>.  Stability  boundary  for  ARP-2606  propellant 


Fig.  16.  Region  where  L*  oscillations  have  been  observed  in 
the  p’/p-F  plane  (ANP-2608) 

The  pressure  fluctuation  may  be  expressed  as 

p'(t)  •  p^  e  at  cos(2nFt)  (10) 

and  p'  eat  •  p',  the  instantaneous  pressure  amplitude;  this  is  the  pressure  amplitude  that  has  been 
plotted  in  the  figures. 

The  minimum  value  of  dp/dt  then  equals 

(dp/dt)Bin  -  -2nFp'  (11) 

. . . .  .....  L 
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and  as  ext inguishment  is  supposed  to  occur  if  (dp/dt)  .  4  (dp/dt)  ,  we  find  for  the  dp/dt  extinguish¬ 

ment  boundary, 

F  «  -(dp/dt)cr/(2V)  (12) 

which  is  an  hyperbola  in  the  F-p*  plane.  This  seems  to  be  confirmed  more  or  less  by  fig.  lb,  though  in 
this  figure  the  dimensionless  amplitude  p'/p,  instead  of  p'  has  been  plotted.  Fig.  17  shows  the  same 
data,  but  now_in  terms  of  the  observed  dimensionless  frequency,  il,  versus  the  dimensionless  pressure 
amplitude  p'/p. 


0.1  0.2  0.3  0.4 

Dimensionless  Pressure  Amplitude  .  p'/p  » 


Fig,  17,  Region  inhere  L*  oscillations  have  been  observed 
in  the  pf/p  ”  ft  plane  (ASP-2608) 

These  figures  also  show,  that  at  lower  (dimensionless)  frequencies,  pressure  fluctuations  up  to  -35Z  of 
the  mean  pressure  may  occur  before  extinguishment  takes  place.  At  higer  frequencies,  extinguishment  has 
taken  place,  before  the  amplitudes  had  time  to  grow  to  such  large  values. 

Fig.  18  shows  the  region  in  the  L*  -  p  plane,  where  regular,  sustained  oscillations  have  been  observed. 


Choroctenshc  Length  .  t".  I  m)  - * 


Fig,  18,  Region  in  the  L*  -  p  plane,  where  l*  oscillations  have  been 
observed.  Some  individual  testnois  are  clearly  recognisable 
< ANF-2608 ) 

Some  individual  testruns  are  clearly  visible  in  this  figure.  The  dashed  line  indicates  an  estimated 
stability  boundary  in  the  p-L  plane.  The  mean  stability  boundary  of  fig.  15  has  been  based  on  all  obser¬ 
vations,  while  the  estimated  stability  boundary  in  fig.  18  is  based  on  regular,  sustained  oscillations. 


25-1  I 


In  addition  it  combines  dp/dt  extinguishment  and  decay  of  oscillations. 

Fig.  19  shows  the  observed  relation  between  the  frequency  and  the  characteristic  length  during  oscillatory 
combustion. 


Fig .  19.  Region  in  the  L*-F  plane 3  where  L*  oscillations 
have  been  observed  (ANP~260d) 

It  is  seen  that  the  higher  frequencies  occur  at  lower  L*  values.  At  high  L*  values  only  low  frequency 
oscillations  have  been  observed. 

^  It  has  been  tried,  to  estimate  frgra  the  available  data,  the  imaginary  part  of  the  response  function, 
R^.  This  is  possible,  because  in  the  L  -burner,  the  response  function  determines  the  frequency  of. the 
oscillations.  According  to  a  linear  acoustic  analysis  of  oscillations  in  the  solid  rocket  motor  ' 
the  pressure  fluctuation  may  be  expressed  as 

IT  /RT(Rr  .  lli)t 

L*  CD  1 K  p  __  . 

p'(t)  *  p;  e  L  cos(Ii  /RTc  Rbt)  (,3) 

and  also  as 

at 

p*  (t)  -  p^  e  cos(2?rFt)  (1A) 


Fig.  20.  The  imaginary,  part,  of  the  response  function.  Ft],  for 

ANP-2608,  during  Lr -burner  tests,  versus  the  instantaneous  1, 
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Hence,  the  imaginary  part  of  the  response  i unci  ion, 

-  — — -  F.L*  , 

yr/RT 

c 


(15) 


may  be  deduced  from  the  instantaneous  characteristic  length  and  the  observed  frequency  of  the  oscillations. 
The  response  function  is  regarded  as  a  propellant  property,  and  like  the  burning  rate  it  should  depend 
on  the  mean  pressure,  and  the  propellant  temperature.  Moreover,  it  seems  reasonable  to  assume  that  it 
also  depends  on  the  frequency  of  the  oscillations,  as  the  response  function,  among  others,  accounts  for 
the  phase-lag.  So,  -  \L  (p,  T.  ,  F) . 

In  reducing  the  data,  we  Rave  not  discriminated  between  the  various  mean  pressures.  The  propellant 
temperature,  though  not  precisely  known,  is  assumed  to  be  of  the  order  of  300  K.  ^ 

Fig.  20  shows  the  imaginary  part  of  the  response  function  versus  the  characteristic  length,  L  .  This 
figure  seems  to  imply  that  there  is  a  more  or  less  linear  relationship  between  the  imaginary  part  of  the 
response  function  and  the  characteristic  length.  Fig.  21  shows  il.L  versus  the  characteristic  length. 


Fig,  21.  The  produet  of  the  dimensionless  frequency  and  characteristic 
length ,  versus  the  characteristic  length  for  AtiP-2608 

This  figure  is  more  or  less  equivalent  with  fig.  20,  though  now  the  dimensionless  frequency,  il,  instead 
of  the  actual  frequency,  F,  has  been  used.  The  scatter  in  the  data,  clearly  is  less,  again  underlining 
the  importance  of  the  heat  transfer  mechanism.  The  scatter  may  partly  be  explained  perhaps  by  the  fact 
that  we  have  not  discriminated  for  the  mean  pressure.  To  find  out  whether  there  is  indeed  relationship 
between  the_^esponse  function  and^the  characteristic  length,  the  data  have  been  plotted  in  frequency 
bands^SO  s  <F  <  I0(j)  s  ,  100  s  S^F  <  125  s  and  so  on  with  frequency  intervals  of  25  s  up  to 
225  s  4  F  <  250  s  and  F  a  250  s  .  The  result  is  shown  in  fig.  22.  It  appears  that  within  these  fre¬ 
quency  bands,  the  imaginary  part  of  the  response  function  is  a  linear  function  of  the  characteristic 
length: 

-  A  +  B.L*  (lb) 


The  variance  in  general  was  rather  small,  indicating  that  such  a  linear  relation  indeed  is  a  reasonable 
mathematical  approximation  of  the  experimental  observations.  In  fact,  the  largest  variance 
o  »  0,0024  while  ranges  from  0  -  2,4.  As  is  seen  from  fig.  22,  the  slope  increases,  with  increasing 
frequency.  We  have  tried  to  estimate  the  imaginary  part  of  the  response  function  from  this  figure. 

For  this  purpose,  Eq.  (16)  may  be  written  as: 


or 
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Fig.  25.  The  product  of  frequency  and  pressure  amplitude  versus 

pressure  amplitude .  The  slope  increases  with  mean  pressure 
(ANP-2608) 

This  figure  shows  the  product  of  frequency  and  pressure  amplitude,  versus  pressure  amplitude.  One  may 
not  be  surprised  to  see  straight  lines.  The  remarkable  fact,  however,  is  that  the  slope  of  these  lines 
increases  with  increasing  mean  pressure.  This  again  means  a  relationship  between  frequency  and  mean 
pressure. 

F  -  A/p’  +  B(p)  (18) 

For  ARP  double  base  propellant,  a  relation  between  frequency  and  pressure  had  been  observed  (see  fig.  9). 
A  similar  plot  for  ANP-2608,  composite  propellants  indicates  that  here  too,  a  relation  must  hold  between 
the  mean  pressure  and  the  frequency.  However,  the  scatter  is  much  larger,  as  is  evident  from  fig.  26. 


Fig.  28.  The  relation  between  the  observed  mean  pressure  and 

frequency  during  l.  -oscillations  of  ANP-2608  propellant 

It  may  well  be,  that  if  Eq.  (18)  is  a  valid  description  of  a  relation  between  the  pressure  and  the  fre¬ 
quency,  the  pressure  amplitude  has  to  be  accounted  for.  This  has  not  been  done  in  fig.  26,  which  may 
account  for  the  larger  scatter. 
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Finally  tig.  27  shows  a  relation  between  the  product  of  the  frequency  and  pressure  amplitude  versus 
the  characteristic  length  for  various  intervals  of  the  pressure  ampltiudc. 


Fig.  27.  The  product  of  frequency  and  pressure  amplitude  versus  if 
during  L  oscillations  of  ANP-2608  propellant 3  for  various 
pressure  amp l  i  t le  bands 

Except  for  pressure  amplitudes  between  0,4  and  0,5  MPa,  all  lines  intercept  thj»  L*  axis  somewhere  between 

L  -1,17m  and  L  -  1,25  m,  which  seems  to  imply  that  above  these  values  no  L  oscillations  should  be 

expected  for  ANP-2608. 

CONCLUSIONS 

-  The  L*-burner  is  a  suitable  instrument  for  the  investigation  of  low-frequency  instability  of  solid 
rocket  propel lantg. 

-  The  size  of  the  L  -burgers  has  no  noticeable  influence  on  the  gccurrence  and  type  of  Lx  instability. 
Testruns  in  the  5  cm  L  -burner  are  reproducible  in  tjje  10  cm  L  -burner  and  vice  versa.  This  gives 
confidence  to  apply  information,  obtained  from  the  L  -burner  experiments  to  actual  rocket  motors. 

-  The  imaginary  part  of  the  propellant  response  function  may  be  estimated  from  experimental  data,  obtained 
with  the  L  -burner. 

-  Both,  ARP  double  base  propellant  and  ANP-2608  composite  propellant  display  a  correlation  between  the 
mean  pressure  and  the  frequency  during  oscillations. 

-  The  assumption  that  dp/dt  extinguishment  takes  place  if  the  rate  of  change  of  the  pressure  is  smaller 
than  a  critical  value,  seems  to  be  supported  by  experimental  evidence. 

-  There  is  a  pronounced  difference  in  the  observed  amplitude  histories  during  L  instability  of  ARP-double 
base  propellant  and  ANP-2608  composite  propellant.  For  ARP  double  base  propellant  the  amplitude  decays 
continuously  from  an  initially  large  value,  while  for  ANP-2(>08  propellant  the  amplitude  increases 
continuously  in  most  cases,  until  dp/dt  ext inguishment  takes  place. 

-  L  instability  may  be  triggered  by  ignition  peaks.  The  size  of  this  peak  may  determine,  among  others, 
the  type  of  the  resulting  L  instability. 

-  It  seems  that  bglow  a  mean  pressure  of  2,5  MPa  no  L  instability  will  occur  for  ANP-2608  composite 
propellant  if  L*  >  1,25  m. 

-  There  is  experimental  evidence  that  the  propellant  response  function  depends  on  the  frequency  of  the 
oscillations. 

-  Reliable  and  reproducible  propellant  ignition  may  be  obtained  by  the  combination  of  a  pyrotechnic 
lacquer  and  an  electric  ignition  wire.  Ignition  peaks  are  virtually  eliminated  by  this  technique. 
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DISCUSSION 


L.  De  Luca,  Instituto  tli  Macchine  del  Politechnico,  It 

Is  it  not  the  case  that  the  critical  depressurisation  rate  law  for  extinguishment,  which  you  suggest,  is  dependent  on 
the  experimental  conditions? 

Author's  Reply 

The  relationship,  for  dp/dt  extinguishment,  is  an  hypothesis  put  forward  by  others,  for  application  to  rocket  motors 
in  general.  The  experimental  results  are  in  agreement  with  the  hypothesis.  We  have  not  observed  differences  in  the 
results  between  L*  burners  of  5  cm  and  10  cm  internal  diameter. 


P.Kuentzmann.  ONKRA,  Fr 

You  have  assembled  a  large  body  of  experimental  data.  I  am  curious  to  know  why  you  chose  to  obtain  this  data 
from  the  imaginary  part  of  the  response  function  rather  than  the  real  part? 

Author's  Reply 

The  value  of  the  imaginary  part  of  the  response  function  will  determine  whether  L*  oscillations  will  occur  or  not. 
This  is  the  case  even  if  the  propellant  growth  constant  is  large.  A  good  knowledge  of  Rbr  is  mandatory  in  order 
to  predict  if  oscillatory  combustion  will  occur  in  a  rocket  motor  or  not. 

It  is  my  intention  to  determine  the  real  part  of  the  response  function  from  this  test  data,  in  due  course.  However 
from  the  L*  burner  data  one  can  obtain  a  gross  growth  constant,  which  is  the  difference  between  the  propellant 
growth  constant  and  losses,  such  as  heat  transfer  and  viscosity.  These  have  not  yet  been  calculated  and  hence  no 
information  on  the  real  part  of  the  response  function  is  presently  available. 
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S  UNWARY 

The  characteristics  of  the  longitudinal  non  linear  (or  steep-fronted  shock)  mode  of  instability  are 
compared  in  a  single  size  of  motor  for  three  different  grain  cross-  sections  (cylindrical,  star  and  slotted 
tubular)  and  three  propellant  formulations.  The  formulations  are  all  based  on  a  hydroxy-terminated  poly¬ 
butadiene  binder,  contain  no  aluminum  and  vary  only  in  the  level  of  burning  rate  catalyst  and  oxidizer 
distribution.  The  test  motors  were  7  cm  in  diameter  and  68.5  cm  long,  and  were  pulsed  at  various  times 
during  the  firing  with  gunpowder  charges  to  initiate  instability. 

The  degree  of  instability  is  defined  as  the  percentage  increase  in  the  time-average  pressure  during 
transition  to  unstable  operation  at  a  given  stable  operating  pressure.  It  was  found  that  the  degree  of 
instability  decreased  with  increasing  burning  rate  and  was  affected  by  the  number  of  waves  propagating. 

No  correlation  could  be  established  between  the  strength  of  the  unstable  wave  and  either  the  formulation 
or  grain  cross-section.  In  the  case  of  the  slotted  tubular  motors  a  double  wave  form  was  always  present. 
For  the  first  time  at  D.R.E.V.,  a  low  level  acoustic  wave  form  was  observed  to  transition  naturally  into 
a  steep-fronted,  shock-type  wave-form. 

The  growth  of  the  shock  wave-form  was  studied  from  initiation  to  steady  state  and  it  was  found  that 
the  growth  rate  generally  increased  with  decreasing  propellant  burning  rate.  The  growth  mechanism  tended 
to  be  a  complicated  one  in  the  earlier  stages  of  a  particular  firing  (before  expending  501  of  its  propel¬ 
lant  mass);  however,  it  can  generally  be  stated  that  a  pulse  will  grow  at  a  faster  rate  in  the  later 
stages  of  a  firing. 


NOMENCLATURE 

2 

A(  -  Nozzle  throat  area  (cm  ) 

c  -  Burning  rate  pressure  coefficient  (cm  s'1  kPa"n) 

Kn  -  Restriction  ratio,  ratio  of  burning  surface  area  to  nozzle  throat  area 

n  -  Burning  rate  pressure  exponent 

Fac  -  Amplitude  of  the  steep  fronted  wave  (kPa) 

Pcs  -  Average  stable  chamber  pressure  (kPa) 

Pcus  -  Average  unstable  chamber  pressure  (kPa) 

Ap  -  Amplitude  of  disturbance  normalized  to  its  final  value 

r^  -  Correlation  coefficient  for  regression  analysis 

r  .  n  -  Propellant  burning  rate  at  6890  kPa  (crn.s"1) 
otjyu 

*a  3p  ’  206,7  *lPa  (^°  psi)  action  time  (s) 

t  -  Time  (s) 

t  -  Time  relative  to  the  initiation  of  the  disturbance  normalized  to  the  time  to  fully  grown 

4  -  Mass  fraction  of  propellant  expended 


1  .0  INTRODUCTION 

There  has  always  been  a  demand  for  the  reduction  or  elimination  of  primary  or  particulate  exhaust 
smoke  in  small  tactical  rocket  motors.  The  response  to  this  demand  in  recent  years  has  been  to  remove 
the  aluminum  from  the  propellant  formulation.  However,  it  is  known  that  removing  the  aluminum  from  the 
formulation  reduces  the  particulate  damping  of  both  the  longitudinal  and  transverse  modes  of  combustion 
instability;  "this  increases  both  the  probability  of  occurrence  of  instability  and  the  severity,  should 
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it  occur"  (1). 

Extensive  investigations  of  the  occurrence  of  longitudinal  mode  instability  with  aluminized  propellants 
were  conducted  at  the  Defence  Research  Establishment  Valcartier  during  the  1960's  (2,  3,  4,  5,  6,  7)  with 
some  preliminary  work  on  nonaluminized  formulations  in  the  mid  1970's  (1).  These  previous  studies  used 
the  pulse  technique  (8)  to  initiate  instability  in  full  scale  motors  with  the  purpose  of  determining  the 
influence  of  propellant  composition,  grain  configuration,  motor  size  and  the  initial  grain  temperature  on 
•uch  parameters  as  the  transition  pressure  and  the  degree  of  instability.  The  degree  of  instability  is 
defined  as  the  percentage  increase  in  pressure  due  to  transition  from  stable  to  unstable  operation.  It 
was  found  that  for  a  particular  propellant  system  well  defined  behavioral  trends  could  be  established  as 
the  formulation  and  motor  geometry  were  varied. 

The  work  described  herein  covers  a  similar  investigation  into  the  characteristics  of  longitudinal 
instability  in  a  series  of  solid  propellant  rocket  motors.  The  test  motors  under  investigation  contained 
three  nonaluminized  hydroxy-terminated  polytgutadiene  formulations  having  stable  nonerosive  burning  rates 
of  1.064,  1.240  and  1.445  cm/s  at  6.89  x  10  xPa  and  in  three  grain  cross  sections,  i.e.  cylindrical,  star 
and  slotted  tubular. 


2  0  EXPERIMENTAL  TECHNIQUE 

Nonlinear  longitudinal  combustion  instability  is  characterized  by  the  cyclical  propagation  of  a  strong 
gaseous  compression  wave  along  the  internal  cavity  of  the  motor.  The  average  levels  of  pressure  and  thrust 
rise  above  their  normal  values  and,  at  the  same  time,  high-intensity  fluctuations  in  the  pressure  and 
thrust  levels  occur  at  the  frequency  of  the  oscillation. 

An  important  aspect  of  this  mode  of  instability  is  that  the  onset  is  governed  by  a  highly  nonlinear 
mechanism.  Transition  from  stable  to  unstable  operation  occurs  only  if  the  motor  is  intrinsically  capable 
of  instability  and  if  the  flow  is  disturbed  by  a  wave  of  appropriate  magnitude.  In  the  absence  of  an 
initiating  disturbance,  a  motor  capable  of  instability  will  operate  stably;  consequently,  normal  proof 
firings  offer  no  guarantee  that  a  motor  design  is  inherently  stable.  Disturbances  to  the  internal  flow 
field  can  occur  naturally,  albeit  in  a  random  fashion,  caused  by  ejection  of  small  pieces  of  material  through 
the  nozzle.  However,  to  overcome  the  experimental  difficulties  associated  with  random  initiation,  a  pulse 
technique  was  developed  which  injects  flow  disturbances  at  preselected  times  during  burning  (8);  it  was 
established  that  naturally  and  artificially  triggered  motors  behaved  identically  shortly  after  the  initia¬ 
tion  transient.  In  the  present  investigation,  the  triggering  distrubances  are  generated  by  O.Sg  black 
powder  charges  in  pulse  tubes  located  in  the  head  end  of  the  motor. 

2.1  Motors  Under  Investigation 

The  test  motors  use  a  standard  MK4  7  cm  FFAR  chamber  with  a  1.905  cm  diameter  hole  drilled  through 
the  forward  bulkhead  for  the  pressure  transducer  and  pulse  tubes.  The  nozzle  is  a  simple  graphite  cylinder 
with  conical  inlet  and  expansion  sections.  The  throat  size  of  each  mojor  configuration  was  selected  to 
produce  a  maximum  stable  operating  pressure  of  approximately  1.24  x  10M  kPa.  The  three  grain  cross-sections 
used  in  the  tests  were  cylindrical,  star  and  slotted  tubular.  The  motor  with  the  slotted  tubular  grain 
cross-section  is  shown  in  Figure  1  while  the  cylindrical  and  star  cross-sections  are  shown  in  Figures  2 
and  3  respectively.  The  case  bonded  grains  are  6.35  cm  in  diameter  and  71.19b  cm  long. 

Ignition  of  the  motor  was  achieved  by  means  of  a  polyethelene  bag  containing  15  g  of  2A  BPN  pellets 
placed  near  the  head  end  and  ignited  with  an  S140  squib.  This  ignition  system  was  used  to  deliver  a  smooth 
ignition  curve. 

The  head  end  of  the  motor  is  shown  in  Figure  4.  A  piezoelectric  pressure  transducer  (Kistler  Model 
701A)  is  positioned  along  the  center  line  of  the  internal  cavity;  the  pulse  tubes  are  located  on  either 
side  of  the  transducer. 

2.2  Data  Acquisition 

The  output  of  the  pressure  transducer  is  amplified  and  split  to  provide  both  a  filtered  (<  100  Hz) 

D.C.  (or  average)  pressure  signal  and  a  high  frequency  A.C.  coupled  signal.  The  circuit  is  shown  in  Figure 
5.  The  high  frequency  pressure  signal  is  recorded  on  35  mm  cine  film  and  magnetic  tape  for  subsequent  ana¬ 
lysis.  The  D.C.  signal  is  digitized,  recorded  and  analyzed  to  provide  pressure-time  and  pressure  integral¬ 
time  information. 

2.3  Pulse  Sequencing 

In  order  to  characterize  the  unstable  behavior  of  a  particular  combination  of  formulation  and  grain 
cross-section,  four  motors  were  fired.  One  motor  was  not  pulsed  in  order  to  provide  a  stable  baseline 
and  to  detect  any  naturally  occurring  transverse  modes.  The  remaining  three  motors  in  each  group  were 
used  to  determine  the  earliest  point  at  which  a  particular  grain  cross-section,  propellant  formulation 
could  be  driven  unstable  (i.e.  the  transition  point).  A  pulsing  scheme  was  set  up  for  these  motors  in 
which  the  pairs  of  pulses  were  fired  so  as  to  bracket  the  transition  point,  the  interval  between  the  pulses 
being  reduced  on  each  successive  motor  (see  Figure  6b).  When  a  motor  became  unstable  on  the  first  pulse, 
the  pulse  size  in  the  subsequent  motor  was  reduced  to  0.25  g  and  the  motor  was  pulsed  at  the  same  time  as 
its  predecessor;  thus  an  elementary  appreciation  of  the  effect  of  pulse  size  on  transition  was  gained. 

2.4  Propellant  Formulations 

The  three  propellant  formulations  tested  were  selected  from  reference  1  to  span  the  range  of  mildly 
to  violently  unstable  when  used  with  the  cylindrical  grain  cross-section.  The  formulations  all  use  the 
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same  hydroxy-terminated  polybutadiene  binder  based  on  the  R45HT  prepolymer,  a  trimodal  blend  of  ammonium 
perchlorate  oxidizer  and  varying  amounts  of  1  um  spherical  red  iron  oxide.  None  of  the  formulations  con¬ 
tain  aluminum.  The  compositions  of  the  three  formulations  are  shown  in  Table  1. 


TABLE  1  formulation  Composition 


Formulation  Binder  Level 

Code  (») 

Catalyst  Level  Oxidizer  Dist'n 

(%)  400  200  17  pm 

A 

13 

0.5  2 

3 

4 

B 

13 

1.0  2 

3 

4 

C 

13 

1.2  2 

3 

5 

Table  II  lists  the  detailed  breakdown  of  particle  sizes  in  the  oxidizer  blends  as 

a  percentage  by 

weight  less  than  a  specific  diameter. 

TABLE  II  Detailed  Oxidizer 

Particle  Size  Distribution 

Specific  Diameter 

Finer  Than  Specific 

Diameter 

(um) 

(*) 

Code  A  5  B 

Code  C 

589 

100 

100 

417 

92 

93 

297 

77 

79 

210 

67 

70 

149 

S3 

57 

105 

45 

50 

74 

41 

47 

53 

38 

45 

32 

33 

38 

The  average  diameter  of  the  ground 

(17pm  nominal)  ammonium  perchlorate 

is  10  to  12  um. 

The  stable  nonerosive  burning  rate 

for  each  formulation  was  determined 

by  firing  six  5.08  cm  by 

10.16  cm  burning  rate  motors.  The  results  are  shown  in  Table  III. 

TABLE  III  Stable  Nonerosive  Burning  Rate 

Formulation 

*6890 

Coefficient 

Exponent 

C  Code 

(cm/s) 

(c) 

(n) 

A 

1.064 

0.031 

0.401 

B 

1.240 

0.050 

0.363 

C 

1.445 

0.054 

0.371 

The  5.08  cm  by  10.16  cm  motors  and 

the  full  scale  test  motors  were  cast 

:  from  the  same  batches  of  ] 

pellant . 


3  .0  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
3.1  Initiation  of  Instability 

3.1.1  Conditions  at  Initiation 

The  manner  in  which  the  three  motors  of  each  group  (propellant  grain  cross-section)  were  pulsed  was 
formulated  so  as  to  zero-in  on  the  earliest  transition  point  from  stable  to  unstable  operation.  Tabulated 
values  of  time,  average  pressure  (P  )  and  mass  fraction  consumed  (*)  foT  the  last  stable,  first  unstable 
pulses  are  shown  in  Table  IV.  The  trends  indicated  in  Table  IV  are  illustrated  in  figures  6  to  8  where 
the  time  average  chamber  pressure  is  plotted  against  ♦.  Figure  6  shows  the  variation  of  the  stable  motor 
chamber  pressure  with  +  for  the  three  propellant  formulations  in  the  star  geometry.  The  portion  of  each 
curve  labled  P  is  the  unstable  chamber  pressure  variation  with  4,  averaged  over  the  three  unstable 
firings.  The  Imill  spikes  on  the  stable  curve  show  the  occurrence  of  the  pulsers  which  were  damped. 

Figure  6a  includes  the  variation  of  the  chamber  pressure  when  2  unstable  waves  were  generated  in  the  motor. 
Figure  6b  shows  the  pulse  bracketting  technique.  Figures  7  and  8  shows  the  same  information  for  the  cylin¬ 
drical  and  the  slotted  tubular  cross-sections  respectively.  Figures  8b  and  c  demonstrate  the  initial  os¬ 
cillation  of  these  motors  from  stable  to  unstable  operation. 

It  is  thus  shown  that  for  a  given  geometry  of  motor  can  be  driven  unstable  earlier  in  the  firing 
(lower  value  of  ♦)  if  the  burning  rate  of  the  propellant  is  reduced.  It  also  appears  that,  for  a  given 
propellant  formulation,  the  cylindrical  configuration  can  be  driven  unstable  earlier  and  at  a  lower  chamber 
pressure  than  can  the  star. 


TABLE  IV 


Internal  Ballistics  at  Initiation 


Grain 

Cross 

Sect  ion 

Formulation 

Last 

time 

(s) 

Stable  Pulse 

4 

P 

cs 

(kPa) 

First 

time 

(s) 

Unstable 

4 

Pulse 

P 

cs 

(kPa) 

A 

0.252 

0.131 

7483 

0.416 

0.236 

8461 

Cylindrical 

B 

0.376 

0.245 

9074 

0.553 

0.404 

10618 

C 

0.328 

0.260 

9674 

0.460 

0.396 

10907 

A 

0.335 

0.257 

9901 

0.463 

0.357 

10349 

Star 

B 

0.506 

0.450 

10797 

0.579 

0.522 

10914 

C 

0.596 

0.639 

11403 

0.596 

0.643 

11279 

A 

0.253 

0.131 

10542 

0.386 

0.214 

11534 

Slotted 

B 

0.219 

0.130 

10700 

0.319 

0.191 

11617 

Tubular 

C 

0.391 

0.292 

12457 

0.476 

0.  366 

11830 

3.1.2  Pulse  Size 

As  was  described  earlier,  the  possibility  of  varying  the  size  of  the  initiating  disturbance  was  inclu¬ 
ded  in  the  pulsing  scheme.  After  firing  the  second  of  the  three  pulsed  motors  of  the  slotted  tubular-A, 
slotted  tubular-B,  and  cyl indrical-A  configurations,  the  earliest  transition  point  as  discussed  in  the 
previous  section,  was  determined.  The  remaining  motor  of  each  configuration  was  then  pulsed  at  the  same 
time  but  with  only  0.25  g  of  charge  in  the  pulse  tubes.  In  the  remaining  series  (slotted  tubular-C  etc.) 
all  the  motors  were  required  to  establish  the  transition  point. 

Both  of  the  A  propellant  motors  became  unstable  on  the  first  pulse;  whereas,  the  first  pulse  of  the 
B  propellant  motor  was  damped  out.  The  disturbance  initiated  by  both  the  0.5  g  and  0.25  g  charge  in  the 
cylindrical  A  configuration  is  shown  in  Figure  9a  to  grow  at  the  same  rate  in  roughly  the  same  number  of 
oscillations  to  approximately  the  same  peak  amplitude.  The  slotted  tubular  configurations  tended  to  be 
much  more  difficult  to  compare  due  to  the  complicated  growth  mechanism  discussed  in  another  section;  how¬ 
ever,  suffice  it  to  say  that  the  slotted  tubular-A  propellant  combination  was  pulsed  unstable  at  the  same 
time  with  two  different  initiating  pulse  sizes. 

That  an  inherently  more  unstable  propellant  formulation  (propellant  A)  requires  a  smaller  triggering 
pulse  is  in  agreement  with  a  similar  observation  made  for  polyurethane  propellants  in  reference  2. 

3.2  High  Frequency  Data  Reduction 

3.2.1  Instability  Wave  Traces 

Both  the  wave  strength  data  and  the  pulse  growth  information  were  gathered  from  the  A. C. -coupled  signal 
recorded  on  the  cin£  camera  equipment.  Typical  traces  used  in  the  data  reduction  are  shown  in  Figures  9a 
to  9d.  These  figures  show  the  pressure  measured  at  the  head-end  of  the  rocket  motor,  in  the  upper  trace, 
as  the  steep  fronted  wave  is  reflected  off  the  head  end  plate.  The  bottom  trace  is  the  same  signal  but 
amplified  to  a  lesser  degree.  The  middle  trace  is  a  time  mark  at  0.001  s  intervals  commencing  at  ignition. 

From  these  traces  the  history  of  the  peak  to  peak  value  of  the  wave  in  the  chamber  can  be  followed. 

3.2.2  Wave  Strength 

The  standard  Rankinc-llugoniot  relationship  for  the  strength  of  the  oscillating  wave  is  approximated 
by  the  following  relationship 


P  ♦  P  ,,, 

ac  cus  (1) 

P 

cus 

as  the  pressure  after  the  arrival  of  the  shock  at  the  head  end  tended  to  drift. 

Throughout  the  unstable  portion  of  the  firings  of  the  twenty-five  rocket  motors,  no  consistent  rela¬ 
tionship  could  be  found  between  the  strength  of  the  wave  as  defined  above  and  the  burning  rate  or  grain 
cross-section.  However,  the  wave  strength  and  average  unstable  pressure  measured  for  this  series  of  tests 
are  shown  in  Table  V.  At  the  time  of  writing  of  this  report,  studies  wore  under  way  to  gain  a  further 
insight  into  the  variation  of  wave  strength  and  amplitude  with  4  or  restriction  ratio  Kn- 


TABLE  V 


Grain 
Cross- 
Sect  ion 


Cylinder  I  1 .65-1 .51 


Slotted 

Tubular 


1.61-1.52 

1.53-1.45 


Formulat ion 


9563-13835 

11637-13801 

10252-14827 


1.62-1.49 

1.76-1.68 

1.35-1.31 


Strength 

Range 


11444-12939  1.60-1.42  11940-13560 
11858-12306  1.57-1.53  11837-11651 
10976-13704  1.15-1.41  11830-9660 


3.2.3  Wave  Phenomena 

In  all  of  the  firings  of  the  slotted  tubular  grain  configuration  a  small  amplitude  (160  to  200  kPa) 
pressure  perturbation  developed  at  a  frequency  significantly  lower  than  that  of  the  oscillating  shock  wave 
(Fig.  9b,  9c).  This  small  amplitude  disturbance  occurred  much  before  the  instability-initiating  pulse  and 
on  two  occasions  transitioned  naturally  into  the  non-linear  type  of  instability.  This  transition  can  be 
seen  in  Figures  9b  and  9c  where  the  small  amplitude  distrubance  in  the  A  propellant  formulation  appears  to 
change  form  and  grow  into  a  fully-developed,  steep-fronted  wave  in  17  and  18  head-end  reflections  respec¬ 
tively.  The  acoustic  wave  in  Figure  9b  has  a  frequency  of  about  716  lit  and  an  amplitude  of  165  kPa  before 
transition  and  becomes  a  steep  fronted  wave  of  6S63  kPa  amplitude  and  778  Hz  frequency.  In  Figure  9c,  a 
177  kPa,  700  Hz  acoustic  wave  becomes  a  7097  kPa,  757  Hz  steep-fronted  shock  wave.  Conditions  at  transition 
are  shown  in  Table  VI.  This  phenomenon  is  reported  for  the  first  time  as  reference  2  states  that  "no  ins¬ 
tances  of  amplification  from  the  noise  level  have  been  encountered"  and  reference  (3)  repeats  this  claim. 


Transition  from  Acoustic  to  Steep-Fronted  Wave  Forms 


Motor  No. 


Figure  No. 


During  the  unstable  portion  of  the  slotted  tubular  firings  a  secondary  wave  of  lesser  amplitude  (1378 
kPa  as  compared  to  5512  kPa)  coexisted  with  the  primary  steep-fronted  wave  (Figures  9b  &  9c).  This  secon¬ 
dary  wave  arrived  at  the  head  end  of  the  motor  after  the  primary  one  and  maintained  somewhat  the  same 
frequency  as  the  primary  wave.  This  structure  probably  results  from  the  interaction  of  the  primary  wave 
with  the  step  change  in  the  axial  crossection  (see  Fig.  1)  of  this  motor  geometry.  A  partial  reflection 
of  the  primary  wave  at  the  step  change  further  reflects  from  the  nozzle  end  of  the  motor  and  follows  the 
primary  shock  towards  the  head  end.  This  raises  an  interesting  question  -  do  these  waves  pass  through  each 
other  or  bounce  off  each  other  after  reflections  at  either  the  nozzle  or  head  ends?  Evidence  exists  for 
both  and  the  reply  tends  to  depend  on  the  strength  of  either  or  both  waves.  A  strong  wave  will  ignore  a 
small  one  but  will  be  reflected  by  an  equally  strong  one.  This  is  exemplified  in  the  fact  that  in  some 
cases  the  secondary  wave  remained  small  and  not  steep-fronted;  whereas,  in  others  the  small  and  large  waves 
tended  to  oscillate  between  1378  kPa  and  4134  kPa  in  amplitude  but  opposite  in  phase.  In  their  oscillations 
the  larger  of  the  two  waves  would  take  on  the  steep-fronted  role  as  its  amplitude  became  sufficiently  large 
and  the  other  wave  would  consequently  lose  the  steep-fronted  form  as  it  diminished. 

3.2.4  Pulse  Amplification 

All  of  the  motors  which  were  pulsed  into  instability  and  the  two  motors  which  became  unstable  naturally 
displayed  an  exponential  growth  relationship  from  initiation  to  fully  developed  instability.  Certain  of 
the  motors  with  the  star  or  cylindrical  cross-section  and  particularly  those  pulsed  to  instability  early 
in  the  firing  (before  4  «  0.5)  tended  to  grow  to  the  fully  developed  instability  in  a  two  step  fashion. 

This  can  be  seen  in  Figure  10,  where  the  log  of  the  height  of  the  growing  wave,  normalized  to  its  final 
value,  is  plotted  against  time,  normalized  to  the  total  time  from  initiation  to  fully-developed  instability. 
This  figure  is  drawn  for  the  cylindrical  grain  cross-section  for  the  three  propellant  formulations  pulsed 
at  a  *  value  of  about  0.3.  These  growth  curves  are  shown  to  contrast  drammat ical ly  with  the  same  type  of 
graph  drawn  for  a  cylindrical-B  propellant  motor  pulsed  into  instability  after  expending  87\  of  its  pro¬ 
pellant  (4  »  0.87)(Fig.  11). 

In  the  case  of  the  slotted  tubular  cross-section  the  effect  of  the  geometry  tended  to  be  much  more 
extensive.  During  the  growth  of  the  pulse  from  initiation,  the  damping  effect  of  the  step  change  in  axial 
cross-section  resulted  in  the  arrest  of  the  growth  of  the  wave  and  at  times  a  reversal  in  the  growth  (Fig. 
12).  These  growth  reversals  were  much  more  prominent  in  the  more  stable  or  faster  burning  propellants  to 
the  extent  that  the  time-averaged  chamber  pressure  was  shown  to  oscillate  between  the  stable  and  unstable 
operating  condition  (Figures  8b  and  8c).  After  these  growth  plateaus  or  reversals  the  wave  grew  at  a  much 
faster  rate  as  indicated  by  the  slope  of  the  linear  sections  of  the  growth  curves. 

A  regression  analysis  was  applied  to  the  growth  information  and  in  both  situations,  that  is  the  multi- 
step  and  the  single  step  growth,  the  data  was  found  to  correlate  linearly  with  a  correlation  coefficient 


(r')  of  0.98  or  better. 

3.3  Degree  of  Instability 

3.3.1  Definition  of  Degree  of  Instability 
The  degree  of  instability  is  defined  as: 


(Pcus  '  Pcs}  (2) 

Pcs 

where  P  is  the  time_averaged  unstable  pressure  corresponding  to  a  given  stable  pressure  P  .  The  degree 
£f  instability  can  be  calculated  from  the  linear  regression  of  log  K  versus  log  P  and  log  K  versus  log 
P  as  outlined  in  reference  9  and  illustrated  in  Figure  13.  However,  this  method  is  most  easily  applied 
toui  much  more  extensive  motor  evaluation  program  where  many  more  than  thirty-six  motors  are  fired  and  at 
a  variety  of  stable  operating  pressures.  It  is  in  this  way  that  the  humping  effect  (3)  can  be  avoided; 
however,  for  motors  designed  to  develop  a  relatively  constant  K  (such  as  the  star),  this  method  may  be 
difficult  to  apply  and  implies  a  very  accurate  calculation  of  kJ\ 

The  degree  of  instability  can  also  be  determined  from  the  curves  of  P  and  P  versus  ♦  (mass  frac¬ 
tion  consumed).  The  mass  fraction  consumed  (4)  is  defined  by  the  followingsrelatiSHlhip: 

t 

f  Pc\dt 

_o _  (3) 

/ta.3p 

P  A  dt 
c  t 

o 

The  P  and  P  used  in  equation  2  are  the  average  values  determined  from  the  P-$  curves  resulting  from 
the  f8ur  motorufirings  of  any  particular  propellant  formulation  grain  cross-section  combination  at  a  speci¬ 
fied  ♦.  The  P-4  curves  for  the  nine  combinations  of  grain  cross-section  and  formulation  are  shown  in  Figu¬ 
res  6  to  8. 

3.3.2  Effect  of  Formulation 

Smith  et  al  (1)  showed  that  for  a  nonaluminized  propellant  system  in  motors  of  the  same  size  but  res¬ 
tricted  to  the  cylindrical  grain  cross-section  the  degree  of  instability^is  inversely  dependent  on  burning 
rate.  Figure  14  is  the  variation  of  degree  of  instability  at  1.034  x  10  kPa  with  burning  rate  for  a  cylin¬ 
drical  grain  cross-section,  reproduced  from  reference  (1)  with  the  formulations  A,  B  and  C  from  this  report 
included.  It  is  evident  that  the  three  current  formulations  concur  with  the  previously  established  trend. 

The  range  of  pressures  at  which  the  motors  were  to  operate  was  higher  for  this  report  than  that  for 
the  motors  of  reference  (1).  Also,  the  star  and  slotted  tubular  cross-section  geometries  are  not  as  pro^ 
gressive  burning  as  the  cylinder  and  so  it  was  not  possible  to  find  a  P  at  a  stable  P  of  1.034  x  10 
kPa.  Thus  comparison  of  the  various  cross-sections  in  this, study  is  mucnsmore  meaningful  if  they  are  com¬ 
pared,  with  respect  to  degree  of  instability,  at  1.102  x  10*  kPa.  The  trend  previously  shown  by  Smith  et 
al  (1)  is  further  born  out  in  Figure  IS  where  the  degree  of  instability  at  1.102  x  10*  kPa  is  shown  plotted 
against  burning  rate  for  the  nine  combinations  of  grain  cross-section  and  formulation.  As  can  be  seen  in 
this  figure,  regardless  of  grain  configuration,  the  degree  of  instability  is  inversely  dependent  on  burning 
rate. 

3.3.3  Effect  of  Grain  Cross-section  and  Multiple 
Wave  Systems 

No  consistent  correlation  could  be  found  between  degree  of  instability  and  grain  cross-section  for 
the  star  and  cylindrical  interior  geometries. 

In  one  of  the  unstable  firings  of  the  star-A  configurations  a  dual  wave  system  developed  on  initiation 
and  supported  a  steep-fronted  type  of  instability  at  about  twice  the  frequency  normally  encountered  in  un¬ 
stable  operation.  This  phenomenon  is  shown  in  Figure  9d  where  the  lower  trace  is  the  single  wave  fully- 
developed  instability  (7641  kPa  and  730Hz)  and  the  upper  trace  is  the  corresponding  double  wave  system  (7262 
kPa  and  1750  Hz)  both  at  a  4  of  about  0.8. 

The  degree  of  instability  resulting  from  this  double  wave  propagating  in  the  chamber  is  44\  higher 
than  that  in  an  equivalent  motor  with  a  single  wave.  This  apparent  jump  in  the  degree  of  instability  is 
shown  in  Figure  15.  It  is  believed  that  this  increase  in  degree  of  instability  is  due  to  the  additional 
shock  wave  propagating  in  the  combustion  chamber  since  the  actual  amplitudes  of  the  waves  in  both  situations 
are  approximately  the  same. 

The  slotted  tubular  grain  cross-section  has  a  substantially  higher  degree  of  instability  than  either 
the  star  or  cylindrical  configurations  for  the  A  and  B  formulations  as  can  be  seen  in  Figure  15.  The  reason 
for  this  observation  is  suspected  as  resulting  from  the  above  noted  phenomenon.  As  was  described  in  a 
previous  section  the  interior  geometry  of  the  slotted  tubular  grain  cross-section  supported  a  dual  wave 
system  as  shown  in  Figures  9b  and  9c.  It  is  believed  that  the  inordinate  increase  in  the  degree  of  insta¬ 
bility  of  the  slotted  tubular  configuration  over  the  cylindrical  or  star  geometries  is  due  to  this  dual 
wave- form. 
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Whereas  the  appearance  of  dual  wave  systems  have  been  noted  in  the  literature  (ref.  2),  they  have  only 
resulted  in  minor  increases  in  the  degree  of  instability  and  the  appearance  of  the  phenomena  was  the  result 
of  a  second  pulse  initiation.  The  significance  of  the  observation  in  this  report  is  two-fold.  First  the 
multiple  wave  systems  found  in  this  study  were  all  initiated  from  one  disturbance  and,  in  the  case  of  the 
slotted  tubular  motors,  the  interior  geometry  further  supported  the  multiple  wave  system.  And  finally, 
the  multiple  wave  system  can  cause  a  significant  increase  in  the  degree  of  instability  and  is  most  pronounced 
in  the  slower  burning  rate  propellants. 


4.0  CONCLUSIONS 

This  study  is  restricted  to  a  particular  size  of  rocket  motor  and  type  of  non-aluminized  propellant 
system  and  thus  the  effects  of  scaling,  binder  variation  or  oxidizer  type  on  the  observations  cited  are 
unknown.  The  trends  noted,  however,  conform  to  those  indicated  in  the  literature  and  are  thus  taken  to 
be  valid.  The  phenomenological  observations  are  of  significant  interest,  particularly  in  the  area  of  acous¬ 
tic  -  non-linear  instability  interaction. 

It  was  shown  that  the  pressure  jump  from  stable  to  unstable  operation,  used  in  the  calculation  of  degree 
of  instability,  can  be  determined  from  the  P  versus  4  curve  without  a  loss  in  the  interpretation  of  the 
results.  The  degree  of  instability  was  calculated  for  this  paper  in  the  above  manner  and  subsequently 
compared  with  respect  to  burning  rate  to  the  degree  of  instability  of  reference  (1)  for  the  same  propellant 
system;  the  same  trend  resulted.  This  method  of  calculating  the  pressure  jump  is  of  particular  utility 
when  it  is  necessary  to  compare  a  series  of  propellant  formulations  in  a  motor  with  a  small  variation  of 
K  such  as  the  star  grain  cross-section.  In  this  situation  the  standard  method  of  using  the  P  versus  K 
curves  (outlined  in  reference  9)  to  determine  the  pressure  jump  may  not  be  applicable;  an  accurate  estimation 
of  Kn  would  be  necessary. 

The  degree  of  instability  was  found  to  vary  inversely  with  burning  rate  for  the  three  grain  cross- 
sections.  This  is  in  agreement  with  previously  published  trends  (ref.  1)  for  the  same  non-aluminized  propel¬ 
lant  system;  however  the  results  in  this  paper  show  that  the  trend  holds  true  for  a  variety  of  internal 
grain  geometries. 

The  degree  of  instability  can  be  strongly  influenced  by  the  number  of  logitudinal  waves  propagating 
in  the  motor  cavity  particularly  in  the  case  of  slower  burning  rate  propellants.  This  is  exemplified  by 
the  44%  increase  in  the  degree  of  instability  with  the  appearance  of  a  double  wave  in  the  star  configuration 
and  the  inordinately  high  degree  of  instability  found  with  the  slotted  tubular  grain  cross-section  motors. 

The  significance  of  this  result  is  that  if  the  effect  of  the  instability  wave  can  be  visualized  as  enhancing 
the  combustion  processes  in  the  thin  flame  above  the  propellant  surface,  increasing  the  frequency  that  this 
disturbance  occurs  at  any  one  position  will  thus  increase  its  effect  on  the  flame.  The  fact  that  it  is 
the  existence  of  the  instability  wave  that  increases  the  time  average  chamber  pressure  and  not  necessarily 
its  strength  is  further  exemplified  by  the  result  that  no  consistent  correlation  could  be  found  between 
wave  strength  and  burning  rate.  Since  the  degree  of  instability  is  shown  to  vary  inversely  with  the  burning 
rate  of  the  propellant  then  the  strength  of  the  unstable  wave  may  not  vary  in  a  consistent  manner  with 
degree  of  instability.  The  significance  of  the  previous  statement  is  that  a  larger  amplitude  instability 
wave  (or  a  stronger  wave)  may  not  result  in  a  larger  pressure  jump  (or  a  higher  degree  of  instability)  when 
transitioning  to  instability.  Furthermore  it  was  shown  that,  whereas  the  amplitude  of  the  instability  wave 
was  approximately  the  same  for  both  the  single  and  double  wave  form  instability,  the  average  pressure  in 
the  motor  chamber  increased  overwhelmingly  with  the  double  wave  form.  Thus  it  can  be  stated  that  increasing 
the  frequency  of  the  instability  wave  by  causing  more  waves  to  propagate  in  the  chamber  will  have  a  much 
greater  effect  on  the  degree  of  instability  than  simply  increasing  the  wave  strength  for  any  particular 
rocket  motor. 


It  has  been  shown  that  irrespective  of  motor  interior  geometry  the  slower  burning  rate  propellant  is 
more  susceptible  to  transition  to  non-linear  instability  earlier  in  the  firing  with  a  smaller  pulse  size 
and  the  pulse  will  grow  at  a  faster  rate  than  in  the  same  motor  with  a  faster  burning  propellant.  The  fact 
that  the  degree  of  instability  is  strongly  dependent  on  the  number  of  waves  propagating  in  the  chamber  and 
not  on  their  strength  and  that  slower  burning  propellants  are  more  easily  pulsed  to  instability  can  be 
explained  by  the  hypothesis  that  the  shock  type  of  instability  is  a  surface-related  or  velocity-coupled 
phenomenon.  Erosion  effects,  or  velocity-coupled  phenomena,  are  known  to  be  more  pronounced  in  slower- 
burning  propellants  (10).  Further,  it  has  been  shown  in  the  optical  experiments  of  Brownlee  et  al  (11) 
that,  with  the  arrival  of  the  shock,  the  gases  streaming  towards  the  nozzle  can  be  made  to  slow  down  and 
even  travel  in  the  reverse  direction  at  high  velocities,  depending  on  the  direction  of  travel  of  the  shock 
and  the  axial  position  viewed.  In  the  light  of  the  above  observations  it  is  understandable  that  a  pheno¬ 
menon  which  causes  large  fluctuations  in  gas  velocity  in  a  solid  propellant  rocket  motor  will  have  a  more 
significant  effect  on  a  propellant  which  is  more  susceptible  to  erosive  effects. 


A  study  of  the  amplification  of  an  initiating  disturbance  can  prove  to  be  an  informative  one  as  it 
is  here  that  the  feeding  mechanisms  versus  the  damping  mechanisms  can  be  directly  observed.  All  of  the 

grain  cross-sections  and  all  of  the  propellant  formulations  presented  growth  curves  which  showed  distinct 
and  different  growth  regimes.  This  is  most  apparent  in  the  early  stages  of  a  particular  firing  and  is 
evidenced  by  the  change  in  slope  of  the  pulse-amplitude-versus-timc  curves.  The  damping  effect  of  the  step 
change  in  the  axial  cross-section  of  the  slotted-tubular  configuration  tends  to  have  its  greatest  effect 
in  propellants  which  are  more  inherently  stable. 


Keeping  in  mind  the  complicated  nature  of  the  growth  mechanism  of  a  disturbance,  it  can  generally  be 
stated  that  the  growth  rate  is  inversely  proportional  to  the  burning  rate.  Also  a  pulse  will  tend  to  grow 
faster  if  initiated  later  in  a  firing  of  a  motor. 
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FIGURE  5  -  CIRCUIT  SCHEMATIC  FOR  UNSTABLE  ROCKET  MOTOR  DATA  GATHERING 
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FIGURE  6a,  b,  c  -  STABLE  (Pcs)  AND  UNSTABLE  (P  )  PRESSURE  VERSUS  MASS  FRACTION  CONSUMED  (*) 
FOR  THE  STAR  GRAIN  CROSS-SECTION  AND  THE  THREE  PROPELLANT  FORMULATIONS 
6b,  SHOWS  PULSE  BRACKETTING  TECHNIQUE 


INITIATION  01  INSTABILITY  WITH  O.SO  p  BLACK  POWDER  IN  PIILSF.  TUBES 
CYLINDER  CRAIN  CROSS-SECTION  PROPELLANT  FORMULATION  A. 


SLOTTED  TUBULAR  GRAIN  CROSS-SECTION  PROPELLANT  FORMULATION  A. 
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FIGURE  10  -  NORMALIZED  GROWTH  CURVES  OF  A  DISTURBANCE  IN  THE  CYLINDRICAL 
GRAIN  CROSS  SECTION  FOR  THE  THREE  PROPELLANT  FORMULATIONS  (* 
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FIGURE  12  -  NORMALIZED  GROWTH  CURVE  OF  A  1 
GRAIN  CROSS  SECTION  AND  PROPELLANT 


IN  THE  SLOTTED  TUBULAR 
A  (♦  =  0.4S) 


DISCUSSION 


W.H.Diesinger.  Dynamit  Nobel  AG 

My  question  concerns  your  Figures  6  and  8.  Why  did  you  plot  the  pressure  as  a  function  of  mass  fraction  rather 
than  bum  time?  Secondly  how  did  you  measure  the  mass  fraction  0  as  a  function  of  pressure? 

Author's  Reply 

The  reasons  are  detailed  in  our  paper.  The  pressure  change,  for  the  degree  of  instability  at  the  operating  pressure 
of  1 0.34  MPa  and  1 1 .02  MPa,  was  determined  from  the  curves  of  the  pressure  versus  spent  mass  fraction.  Therefore 
these  curves  had  to  be  drawn  for  all  36  motor  firings.  These  curves  were  thought  useful  to  demonstrate  the  effects 
of  burning  rate  and  geometry  on  the  transition  to  instability. 

To  answer  the  second  part,  I  can  say  that  the  low  frequency  (i.e.  <  100  Hz)  pressure  signal  was  digitalised  at  a 
maximum  of  200  Hz  and  recorded  during  each  of  the  36  firings.  Subsequent  to  the  firings  the  data  was  analysed. 
The  following  integral  relationship  for  the  mass  fraction  of  expended  propellant  was  used. 
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THE  SUPPRESSION  OP  COMBUSTION  INSTABILITY 
BY  PARTICULATE  DAMPING  IN  SMOKELESR  SOLID 
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SUMMARY 


Acoustic  coabuatlon  Instability  can  be  a  serious  problea  In  saokeless  CDB  solid  propellant  rocket 
aotors.  Theroetlcsl  considerations  predict  that  particulate  daaplng  can  be  eaployed  as  a  Beans  of  over- 
coalng  coabuatlon  Instability  and  that  a  specific  density  and  alxe  of  particle  gives  optlaua  daaplng. 

To  achieve  the  best  control  of  the  else  density  function  In  the  coabuatlon  gases.  It  was  considered 
that  refractory  particles  which  are  unreactlve  during  coabuatlon  should  be  used.  The  paper  presents  a 
theoretical  treataent  together  with  extensive  experlaental  trials  In  a  variety  of  representative  aotors. 
Experiaental  work  shows  that  saall  quantities  of  refractory  powder  are  very  auccessful  In  suppressing 
coabuatlon  Instability  but  that  a  wider  range  of  particle  sizes  than  Is  theoretically  predicted  proves 
to  be  effective.  Manipulation  of  the  size  density  function  has  been  shown  to  be  an  effective  Beans  of 
achieving  aaxlaua  coabuatlon  stability  with  alnlaun  aaounts  of  exhaust  saoke. 


PREFACE 


This  paper  describes  an  approach  to  the  practical  resolution  of  the  problea  of  acoustic  coabustlon 
Instability  without  sacrificing  perforaance  In  saokeless  rocket  aotors.  The  traditional  nethoda  of 
suppression  used,  baaed  on  an  eaplrlcal  approach,  have  a  number  of  disadvantages  as  described  later.  In 
this  paper  the  propellant  foraulatlon  has  been  taken  as  the  vehicle  for  solving  the  problea  facing  the 
rocket  designer.  In  particular  refractory  additives  In  the  propellant  have  been  chosen  to  control  the 
size  density  function  of  particulate  aatter  In  the  gas  phase  for  optlaua  daaplng  of  the  acoustic  frequency. 
At  the  saae  tlae  the  size  density  function  Is  aanlpulated  to  give  a  size  which  preferably  avoids  the 
region  of  aaxlaua  scattering  for  visible  light  In  the  exhaust  and  so  enhances  saokelessness  or  alter¬ 
natively  utilises  a  high  density  particle,  which  tor  a  given  aass  fraction  of  particles  necessary  for 
acoustic  daaplng,  alnlalses  the  nuaber  of  partlcles/unlt  voluae  of  exhaust  gases  and  hence  low  saoke. 

The  experlaental  work  described  has  been  confined  to  base  grain  CDB  solid  propellant  saokeless  rocket 
aotors  but  the  principles  can  be  applied  to  other  propellant  systeas. 


1.  Acoustic  Coabustlon  Instability 

Acouatlc  Instability  occurs  when  the  energy  released  by  the  coabuatlon  process  Is  fed  Into  the 
acoustic  field  In  one  or  aore  of  the  resonant  nodes  of  the  rocket  chanber  cavity.  The  phenonena  has 
been  studied  Intensively  In  the  last  30  years  and  surveyed  in  the  literature  (ref  1-7). 

In  the  rocket  notor  there  are  nodes  of  acoustic  oscillation  of  longitudinal,  tangential,  radial  or 
contained  types  at  frequencies  deteralned  by  the  specific  systea.  These  can  aanlfest  themselves  In 
broadly  two  types  of  phenonena,  naaely  "Irregular”  and  "oscillatory"  burning.  The  foraer  Is  characterised 
by  large  deviations  froa  the  desired  rocket  pressure  tlae  relationship,  these  deviations  often  being  of 
a  slallar  order  of  aagnltude  to  the  aean  pressure  Itself.  "Irregular"  burning  Is  detected  by  low 
frequency  pressure  transducers  used  in  the  noraal  recording  equlpaent  for  rocket  test  firings.  "Oscilla¬ 
tory”  burning  la  characterised  by  low  anplltude,  high  frequency  oscillations  In  an  acoustic  node  of  the 
rocket  aoter  cavity.  Special  high  frequency  sensitive  pressure  transducers  are  used  to  aeasure  the 
latter  phenoaena. 

It  is  believed  that  the  onset  of  snail  amplitude  oscillatory  coabustlon  Is  a  precondition  for 
Irregular  coabustlon.  A  particular  node  oscillates  with  growing  anplltude  when  the  acoustic  energy 
gains  exceed  the  acoustic  energy  losses  for  that  node. 

The  aost  Important  gain  factor  la  the  acoustic  response  of  the  propellant  surface  which  is  Influenced 
by  the  acoustic  pressure  and  eroslvlty.  The  pressure  response  Is  usually  the  aore  significant  for  low 
amplitude  oscillatory  burning.  However,  when  the  acoustic  velocity  oscillations  are  large  enough  to 
produce  flow  reversal  In  the  coabustlon  chaaber  then  the  acoustic  erosive  response  becoaes  inport ant. 

For  an  unstable  motor  a  growth  constant  a  can  be  defined  as  a  aeasure  of  the  rate  at  which  the 
aagnltude  of  the  saall  amplitude  acoustic  oscillations  Increase.  The  net  value  of  this  growth  constant 
is  given  by:- 

a  .a  ♦a+a+a+a+a+a+a+a 

bfnspnvwH  (1) 

where  and  3 .  are  gain  factors  arising  froa  the  acoustic  pressure  response  and  flow  coupling  respect¬ 
ively.  The  remainder  are  loss  sources  associated  with  the  convergent  section  of  the  nozzle  (d  ), 

n 
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vlaco-elaatlc  duping  bp  the  propellant  (a  >,  particle  duping  In  the  gee  phase  (a  ),  aolecular  relaxation 
duping  In  the  gaa  phaae  (a  ),  voluae  losses  due  to  the  viscosity  and  theraal  condBctlvity  of  the  gases 
(By),  duping  by  the  expose!  chuber  wall  (a^),  head  end  cavity  duping  (a^), 

The  relationship  In  Eq.(l)  applies  to  each  of  the  Individual  aodes  of  oscillation  and  all  the  compon¬ 
ents  of  a  are  frequency  dependent. 


Prediction  criteria  have  been  established  for  calculating  the  frequencies  of  quasi  gas  nodes  for  a 
uni  fora  cylindrical  charge  with  a  central  conduit. 
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Frequency  and  1  an  Integral  parueter  Indicating  tyoe  of  node 

Radius  of  conduit 

Length  of  conduit 

Velocity  of  sound  In  the  gas 

Solutions  of  equation  Jm' (fi)  =  0  given  In  ref  7 


Thus  for  the  various  acoustic  nodes :- 
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From  acoustical  theory  It  nay  be  inferred  that  the  funduental  modes  are  doalnant,  with  the  higher 
harnonlcs  of  decreasing  lnportance.  Experience  has  shown  that  the  modes  most  likely  to  be  unstable  in  a 
solid  propellant  rocket  motor  are  the  first  longitudinal  and  particularly  the  first  tangential. 

2.  Suppression  of  Combustion  Instability 

Resonance  rods  have  been  used  as  baffles  to  interfere  and  prevent  strong  vortex  systems  being 
developed  froa  the  cunulatlve  effects  of  acoustic  streaming  Interactions  between  the  combustion  zones  and 
flow  field.  The  resonance  rods  are  applicable  to  tangential  nodes  In  radial  burners  but  as  the  burning 
surface  recedes  they  clearly  becoae  less  effective  as  baffles.  Such  rods  are  sometlnes  successful  and 
sometimes  unsuccessful.  Their  effectiveness  Is  dependent  on  propellant  composition,  rod  size  and  shape, 
acoustic  node  and  frequency.  In  addition  other  disadvantages  arise  associated  with  the  weight  penalty, 
interference  with  design,  In  particular  Igniter  engineering,  and  eroslon/combustlon  of  the  rod  can  give 
rise  to  significant  smoke. 

An  alternative,  slightly  more  effective,  mechanlcsl  suppressor  Is  the  use  of  inert  flaps.  These 
consist  of  sheets  of  erosion  resistant  polymer  based  msterlal  cast  radially  Into  the  propellant  charge 
such  that  a  portion  protrudes  continuously  Into  the  conduit.  Again  these  act  as  baffles  and  are  most 
effective  at  Interrupting  the  flow  field  adjacent  to  the  propellant  surface.  Hence  they  would  appear 
to  be  most  effective  for  tangential  aodes.  Again  these  devices  are  not  successful  In  all  cases  and 
their  effectiveness  Is  dependent  on  propellant  composition,  flan  size/thickness  and  composition,  number 
of  flaps  and  angular  spacing,  mode  type  and  frequency.  Amongst  the  disadvantages  of  these  devices  are 
their  contribution  to  exhaust  smoke,  volumetric  replacement  of  propellant,  Increased  cost  and  reduced 
notor  reliability  associated  with  fitting  and  bonding  to  the  motor  and  propellant. 

Further  examination  of  the  gain  and  loss  factors,  Illustrated  In  Eq.(l),  Imply  najor  design  changes 
could  be  necessary  to  eliminate  acoustic  combustion  Instability  In  a  given  rocket  motor.  Moreover  many 
gaps  exist  in  the  current  understanding  of  the  predictive  criteria  necessary  for  the  designer.  In  this 
work  the  resolution  of  the  practical  problem  is  based  on  a ,  the  loss  factor  due  to  particulate  damping 
by  manipulating  the  propellant  composition.  P 

3.  Particle  Acoustic  Damping  and  Optical  Properties 

Dobbins  and  Temkln  (ref  8)  and  Cullck  (ref  9)  have  shown  that  particles  attenuate  acoustic  oscill¬ 
ations  in  rocket  combustion  chambers.  The  extent  of  attenuation  depends  on  weight  of  particles  per  unit 
volume,  particle  radius  and  density.  The  following  relationship  gives  the  frequency  at  which  maximum 
attenuation  la  caused  by  a  particle: - 

9V 

n  p’Do*  (4) 

V  «  gas  viscosity,  p  =  particle  density,  Do  -  particle  diameter. 

The  gas  viscosity  is  readily  determined  from  the  propellant  composition  and  notor  design.  Thus 
from  a  knowledge  of  the  frequency  of  the  acoustic  mode  In  the  motor  the  particle  size  and  density  can 
be  predicted  for  optimum  damping. 

With  regard  to  rocket  exhaust  smoke  properties,  classical  optical  theory  of  particulate  clouds 
enables  us  to  relate  the  extinction  coefficient  of  a  particle  to  Its  particle  diameter.  This  holds  only 
for  a  dilute,  nonodlsperse  cloud  of  spherical  particles  but  low  smoke  rocket  motor  exhaust  presume  by 
definition  a  dilute  amoke  cloud.  Fig  1  shows  a  plot  of  extinction  coefficient  against  particle  size  for 
an  Incident  wavelength  of  0.924  microns  (visible  light)  and  refractive  Index  of  particle  (M)  «  1.33. 


Fig  2  shows  ths  vsrlstlon  In  light  scsttsr&ng  coefficient  for  values  of  2[I  r  up  to  30  established 
by  the  literature  for  incident  wavelengths  in  the  region  0.14jj  to  3.0  .  T 

Thus  by  choice  of  slse/denslty  function  of  particles  for  optimum  acoustic  instability  damping  a 
dilute  particle  cloud  in  the  motor  exhaust  aay  be  achieved  whose  optical  properties  for  low  smoke  Bay  be 
optimised  by  selecting  particle  else. 

Pig  3  presents  the  optimum  particle  else  for  various  particle  densities  against  frequency  of  the 
acoustic  node  derived  frosi  Eq.(4).  In  Table  1  the  visible  light  extinction  coefficient  ss  related  to 
particle  dlaaeter  is  given.  For  a  given  Bass  of  particles  per  unit  voluae  of  gas,  then  obviously  the 
greater  the  density  for  a  given  dlaaeter  the  saaller  the  nuaber  of  part lc les/unl t  voluae  and  hence  the 
lower  the  total  scattering  coefficient.  The  latter  coefficient  is  given  in  coluan  4  of  Table  1.  Clearlv 
in  terms  of  low  saoke  results  it  is  of  aarked  advantage  to  select  particles  of  high  density  to  achieve 
acoustic  instability  suppression.  The  persistency  of  the  saoke  trail  would  also  be  less  with  higher 
density  particles. 

However,  cognisance  auat  be  taken  of  the  greater  precision  and  control  of  particle  slxe  for  acoustic 
instability  daaplng  with  particles  of  higher  density  coanared  to  lower  density.  This  can  be  deduced  froa 
an  equation  for  a  dimension  less  acoustic  attenuation  given  by  Dobbins  and  Teakln  (ref  8). 


Cod/C^w  ■  <y/yo)2/l  ♦  <y/yo)*  where  y/yo  *  \  IWp1**  /qy  J  (3) 

Co  *  Velocity  of  sound  in  undisturbed  gas 
a  *  Acoustic  attenuation  due  to  suspended  particles 
■  Mass  fraction  of  particles 

R  ■  Radius  of  particle 

W  *  Angular  frequency  *  2 n  r 

Eq.(3)  aaxialses  at  a  numerical  value  of  0.5  when  y/yo  ■  1. 

By  taking  an  acoustic  frequency  of  10  KHx  then  the  data  in  Fig  4  can  be  obtained  to  illustrate  the 
increasing  sensitivity  to  particle  slxe  with  Increasing  density.  This  slxe  sensitivity  becomes  more 
pronounced  at  higher  acoustic  frequencies  as  illustrated  in  Fig  5.  The  latter  figure  was  obtained  from 
Eq.(5)  by  plotting  the  attenuation  coefficient  for  silicon  carbide  at  different  frequencies. 

4.  Experimental  Programme 

Clearly  in  order  to  achieve  the  most  efficient  instability  suppression  by  particulate  daaplng  and 
low  exhaust  smoke,  a  aeans  of  controlling  the  particle  properties  in  the  gas  phase  within  the  chamber  and 
exhaust  is  required.  This  Is  best  achieved  by  utilising  refractory  materials  which  are  also  unreactlve 
in  the  coabustion  process.  By  incorporating  such  materials  in  the  propellant  and  selecting  the  slxe  and 
density  prior  to  incorporation  into  the  propellant,  the  desired  effect  aay  be  achieved. 

The  incorporation  of  aluminium  powder  in  propellant  has  been  a  long  established  expedient  for 
acoustic  instability  suppression.  In  many  instances  it  is  not  an  acceptable  means  since  it  is  not  a 
refractory  and  is  reactive.  The  propellant  ballistic  properties  are  affected  but  aore  laportantly  it 
produces  a  dense  exhaust  smoke.  This  srlses  since  the  aluminium  coabustion  produces  a  wide  distribution 
of  aetal/aetal  oxide  particle  sixes  in  the  exhaust  which  straddles  the  region  of  maximum  extinction 
coefficient  together  with  a  high  value  for  nuaber  of  particles/unit  voluae. 

Typically  a  slxe  distribution  of  0.1-lOjiwlth  the  lsrgest  proportion  of  particles  in  the  subalcron 
rsnge  is  obtained.  Similarly  the  wide  distribution  of  particle  sixes  is  not  sufficiently  selective  in 
aany  cases  for  efficient  particulate  acoustic  damping. 

The  main  test  vehicle  used  throughout  this  programme  was  the  130  aa  dlaaeter  slotted  radial  charge 
fired  in  a  heavyweight  steel  body.  Fig  6  shows  the  theoretical  radial  and  tangential  modes  of  oscillation 
produced  within  the  conduit  and  how  these  modes  decay  to  lower  frequencies  as  the  charge  burns.  These 
decaying  frequency  chains  were  derived  from  Eq.(2).  Chsrges  fired  in  this  configuration  all  showed 
severe  combustion  instability,  high  frequency  analysis  of  the  firings  showing  the  lowest  frequency  trans¬ 
verse  aode  to  possess  the  highest  amplitude.  Full  frequency  analysis  of  these  firings  was  not  possible 
due  to  the  large  DC  signal  changes  associated  with  the  fluctuating  pressure.  However,  later  firings  with 
small  amounts  of  psrtlculste  daaplng  enabled  full  frequency  analysis  to  be  carried  out.  Fig  7  shows  a 
pseudo  three  dimensional  analysis  of  sK firing  using  a  low  level  of  additive  and  it  can  be  seen  that  the 
frequencies  occurring  are  very  similar  to  those  predicted  in  Fig  6.  It  can  also  be  seen  that  the  highest 
saplltude  occurs  in  the  first  tangential  aode  which  appeared  to  be  the  case  with  no  additive. 

Table  2  shows  the  rsnge  of  refractory  materials  which  have  been  examined  together  with  a  comment  on 
their  suitability  for  use.  This  is  based  on  stability  tests  on  the  additive  in  contact  with  propellant 
and  microscopic  examinstlon  of  the  powders  which  in  some  cases  revealed  the  presence  of  aggregates  which 
would  mske  the  particle  slxe  in  the  gas  stream  indeterminate. 

Table  3  shows  the  effect  in  the  msln  test  vehicle  of  this  different  refractory  material  on  an  other¬ 
wise  unstable  propellant  and  a  comparison  of  the  effectiveness  of  the  additive  compared  with  mechanical 
suppressing  d  /ices.  The  alse  density  function  for  the  additive  is  tabulated  together  with  the  frequency 
at  which  It  would  produce  maximum  attenuation.  This  shows  that  the  3  M  silicon  carbide  would  be  expected 
to  be  effective  at  the  frequency  of  the  first  tangential  mode  whereas  the  4  |i  molybdenum  would  not  be 
effective  except  at  much  lower  frequencies. 


Thw  results  obtained  agree  with  the  theory  showing  the  3p  Silicon  Carbide  to  suppress  combustion 
instability  aa  efficiently  as  the  mechanical  devices  whereas  the  4p  molybdenum  was  not  effective. 

3 V  silicon  carbide  vaa  incorporated  into  3  different  burning  rate  propel lanta  at  different  levels 
to  determine  the  amounts  needed  to  give  suppression.  Table  4  gives  the  results  obtained  which  show  that 
the  additive  is  successful  in  all  three  propellants  but  the  level  of  additive  needed  to  give  stability 
varies  with  the  propellant  type  with  the  expected  result  that  the  propellants  which  give  the  greatest 
instability  without  additive  need  the  highest  level  of  additive  to  promote  stability.  Fig  8  shows  the 
pressure  time  records  obtained  from  a  series  of  firings  with  the  type  3  propellant  at  different  levels  of 
additive. 

As  further  test  vehicles  for  the  programme  five  different  rocket  motor  designs  were  selected  which 
in  various  propellant  systems  were  known  to  give  grossly  irregular  burning  arising  from  acoustic  combustion 
instability.  The  test  vehicles  are  shown  in  Table  !S  and  Fig  9  together  with  the  1st  tangential  acoustic 
mode  calculated  from  Eq.(3)  and  later  verified  experimentally  to  be  the  principle  coupling  mode.  Also 
shown  in  Table  5  is  the  optimum  damping  frequency  for  3|i  silicon  carbide  which  was  incorporated  at  various 
levels  In  the  propellant  for  all  these  motors.  Firing  results  for  these  motors  showed  stability  to  be 
achieved  in  all  cases.  Two  typical  results  are  shown  in  Fig  10.  These  results  were  unexpected  especially 
in  the  case  of  the  100  am  8  slot  radial  charge  where  very  high  frequency  oscillations  Just  after  ignition 
caused  the  Instability  whereas  the  31*  silicon  carbide  would  not  be  expected  to  become  efficient  until 
later  in  the  firing.  The  results  however  showed  that  the  additive  was  efficient  even  at  the  beginning 
of  the  firing  and  lead  to  the  conclusion  that  the  additive  was  perhaps  not  so  frequency  selective  as 
had  been  anticipated. 

A  further  demonstration  that  the  additive  was  efficient  at  a  range  of  frequencies  outside  that  pre¬ 
dicted  by  theory  was  obtained  by  Incorporating  a  range  of  different  sized  silicon  carbide  powders  into 
propellant  and  establishing  the  level  needed  to  give  stability  for  each  size.  The  particle  size  distri¬ 
butions  for  these  powders  are  shown  in  Fig  10  which  illustrates  that  there  is  very  little  overlap  between 
the  different  grades.  Table  6  gives  the  results  obtained  from  the  different  particle  sizes  and  Fig  12 
illustrates  the  pressure  time  records  at  two  additive  levels  for  the  finest  and  coarsest  grades.  The 
results  show  that  over  the  range  of  particle  size  examined,  the  mass  fraction  and  not  the  size  of  particle 
determines  the  stability  achieved. 

Following  the  success  of  silicon  carbide  particles  as  combustion  instability  suppressors,  a  higher 
density  refractory  namely  Zirconia  was  obtained  in  two  different  particle  sizes  which  fall  either  side  of 
the  theoretically  predicted  optimum  size.  These  powders  were  incorporated  into  propellant  at  the  same 
levels  which  had  been  used  for  the  silicon  carbide  particles.  Table  6  gives  the  results  obtained  with 
the  Zirconia  powders  and  it  can  be  seen  that  the  size  of  particle  does  not  effect  the  degree  of  stability 
obtained.  The  other  significant  result  from  Table  6  is  that  Zirconia  and  silicon  csrbide  appear  to  be 
equally  efficient  at  equal  mass  fraction.  Work  is  underway  to  compare  the  smoke  emissions  from  silicon 
carbide  with  Zirconia  and  it  is  expected  that  the  higher  density  Zirconia  particles  will  give  better  smoke 
performance. 

A  further  series  of  firings  was  conducted  in  which  aluminium  was  Incorporated  into  the  propellant  at 
the  same  levels  as  silicon  carbide  and  Zirconia.  Table  7  gives  the  results  of  these  firings  and  comparison 
of  Table  7  with  Table  6  shows  that  a  proportionately  higher  amount  of  aluminium  is  needed  to  give  the  same 
degree  of  stability.  Fig  13  shows  the  pressure  time  records  obtained  from  firings  of  the  three  additives 
at  the  same  level  (1.4%)  in  the  propellant. 

Table  8  shows  the  effect  of  the  propellant  additive  on  rocket  exhaust  smoke  and  it  can  be  seen  that 
much  lower  levels  of  smoke  are  obtained  with  silicon  carbide  than  aluminium  as  expected  from  the  size 
distribution  in  the  motor  exhaust. 

Work  is  now  in  progress  using  some  of  the  much  higher  density  powders  such  as  Tungsten  and  Tantalum 
Carbide.  It  wan  originally  thought  that  as  shown  in  Fig  4,  very  tight  particle  size  control  for  the  high 
density  powders  might  be  necesssry  and  that  these  would  not  be  commercially  obtainable.  However,  the  work 
to  date  has  suggested  that  this  may  not  be  a  problem  and  if  the  results  obtained  with  these  powders  show 
the  mass  fraction  to  be  the  dominating  parameter  then  it  is  anticipated  that  acoustic  combustion  stability 
can  be  achieved  with  even  lower  smoke  penalties. 

3.  Conclusion 


The  experimental  evidence  has  shown  that  the  acoustic  modes  present  in  a  rocket  motor  chamber  can 
be  predicted  with  reasonable  accuracy  by  the  simple  theoretical  model.  The  theory  does  not  predict 
whether  the  acoustic  mode  oscillations  grow  in  amplitude,  coupled  with  the  burning  process,  to  give  unstable 
Irregular  burning,  neither  does  it  predict  which  modes  of  oscillation  become  dominant.  However,  in  five 
different  test  vehicles  the  lowest  frequency  transverse  mode  (first  tangential)  has  always  proved  to  be 
the  dominant  mode.  Knowing  the  frequency  of  the  dominant  mode,  a  suitable  sized  refractory  particle  can 
be  chosen  to  eliminate  acoustic  instability  and  the  experimental  evidence  suggests  that  the  size  needed 
may  not  be  too  precise  but  that  the  mass  fraction  appears  to  be  of  primary  importance.  One  such 
refractory  silicon  carbide  used  in  the  amounts  necessary  to  suppress  grossly  unstable  motors  produced 
results  which  showed  only  slight  Increases  in  smoke  over  non-suppressed  rounds  and  gave  results  far 
superior  to  aluminium  used  at  the  same  level.  However,  silicon  carbide  may  not  necessarily  be  the  best 
■sterial  to  use  and  higher  density  refractories  appear  to  offer  the  possibility  of  even  lower  exhaust 
smokes . 
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Table  1  Smoke/Light  Attenuation  of  Particle  Clouds 


1 

Particle  Density 

2 

Particle  Dlaaeter 

3 

Extinction  Coefficient* 

4 

Corrected  Coefficient** 

2 

2.5 

2.8 

1.4 

3 

2.2 

2.2 

0.71 

5 

1.0 

4.0 

0.8 

7 

0.8 

3.5 

0.5 

18 

0.52 

1.6 

0.03 

18 

1.0 

4.0 

0.22 

2 

1.0 

4.0 

2.0 

Refractive  index  of  particles  -  1.3  Incident  wavelength  ■  0.52(1 

(*  Coefficient  for  single  particle,  **  Total  coefficient  for  cloud  of  constant  mass/unlt  volume  of 


I 

I 
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Table  2  Ll»t  of  Particulate  Additive*  Examined 


Additive 

Type/Grade 

Density 

g/CB 

Melting 

Point 

°c 

Size  Range 
Microns 

Frequency  Range 
for  Maxinun 
Attenuation  KHz 

Suitability 

1.  Boron  Nit rid* 

SKG  325 

2.27 

3000 

2-15 

20.37-0.36 

Yes 

SHP  325 

2-7 

20.37-1.66 

Yes 

2.  Boron  Carbide 

G1200 

2.52 

2350 

2-5 

18.35-2.94 

Yes 

3.  Calclua  Oxide 

Std 

2.92 

2614 

3-12 

15.83-0.44 

No  A 

Select 

1-12 

63.35-0.44 

No  A 

4.  Silicon  Carbide 

PBOO 

5-8 

2.29-0.89 

Yes 

nooo 

3.22 

2700 

3. 5-5. 5 

4.69-1.89 

Yes 

P1200 

2. 5-3. 5 

9.19-4.69 

Yes 

P1300 

1-2.5 

57.45-9.19 

Yes 

5.  Magnesiun  Oxide 

Nagllte  D 

3.58 

2852 

- 

- 

No  S 

Darlington  LT 

4-10 

3.23-0.52 

No  A 

6.  Alualnlue  Oxide 

MA95 

3-8 

5.17-0.73 

Yes 

MA250 

3.97 

2015 

1-3 

46.59-5.17 

Yes 

P1200 

2. 5-3. 5 

7.45-3.80 

Yes 

7.  Tltanlua 

Boride 

4.52 

2900 

5-25 

1.63-0.07 

Yes 

8.  Zlrconlua 

Orthoalllcate 

4.56 

2550 

' 

Opaxon  Extra 

1-2.5 

40.57-6.49 

Yes 

Superxon 

1-2 

40.57-10.14 

Yes 

9.  Tltanlua 

Carbide 

4.93 

3140 

2.5-20 

6.00-0.09 

Yes 

10.  Chroalua 

Oxide 

5.21 

2266 

- 

- 

No  A 

11.  Tltanlua 

Nitride 

5.22 

2930 

1-20 

35.44-0.09 

Yes 

12.  Zirconium 

Oxide 

5.6 

2715 

ZS2 

1-4 

33.03-2.06 

No  S 

Zedox  5 

1-4 

33.03-2.06 

Yes 

Zed ox  10 

2-5 

8.25-1.32 

Yes 

13.  Zlrconlua 

Boride 

6.09 

3000 

2-8 

7.59-0.47 

Yes 

14.  Chroelun 

Boride 

6.17 

2760 

4-12 

1.87-0.21 

Yes 

15.  Lanthanun 

Oxide 

6.51 

2315 

4-12 

1.77-0.19 

Yes 

16.  Zlrconlua 

Carbide 

6.73 

3540 

1-8 

27.48-0.43 

Yes 

17.  Ceriua 

Oxide 

7.13 

2600 

1-5 

25.95-1.04 

Yes 

18.  Neodyniua 

Oxide 

7.24 

2272 

5-20 

1.02-0.06 

Yes 

19.  OIoMun 

Carbide 

7.82 

?500 

1-10 

23.65-0.24 

Yes 

20.  Nlobiun 

8.57 

2468 

4-35 

1.35-0.02 

Yes 

21.  Molybdenua 

Carbide 

9.18 

2687 

1-8 

20.15-0.81 

No  A 

22.  Hafnlua 

Oxide 

9.60 

2768 

- 

- 

Yes 

23.  Molybdenun 

<  p 

2-5 

4.52-0.72 

Yea 

1-5  fi 

10.22 

2617 

1-6 

18.10-0.50 

No  SA 

2  n 

0.5-3 

72.41-2.01 

No  S 

24.  Tantalua 

Carbide 

13.9 

3880 

1-5 

13.31-0.53 

Ves 

25.  Tungsten 

Carbide 

15.63 

2870 

1-5 

11.84-0.47 

No  A 

26.  Tantalua 

16.60 

2996 

1-10 

11.14-0.11 

Yea 

27.  Tungsten 

WF  200 

0.5-3. 5 

38.24-0.78 

No  SA 

wr  150 

19.35 

3410 

0.5-3. 5 

38.24-0.78 

No  SA 

WP  80 

1.5-11 

4.24-0.08 

Yes 

WP  50 

1.5-7 

4.24-0.19 

Yes 

8  -  Stability  Probleaa  of  Powders  In  Contact  with  Propellant 

A  -  Aggregates 


Table  3  Coaparlaon  of  Various  Acoustic  Instability  Suppression  Systeas 
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ISO  aa  4  slot  Radial  Noraal  Operating  Preaaure  40  bar/6  a 


Teat 

No 

Suppreaaor 

Additive 

Size  Density 
Function 

Frequency 
of  sax 
Attenuation 

Frequency 
of  1st 

Tangential  Mode 

Results 

i 

None 

- 

- 

10.4 — 4.0 

KHz 

Gross  irregularity.  500 
bar  transducer  destroyed. 

2 

Cruciform 
Resonance  Rod 

" 

• 

10.4—1.0 

KHz 

Fairly  Stable 

3 

Hypalon  Radial 
Resonance  Flaps 

“ 

10.4 - 4.0 

KHz 

Fairly  Stable 

4 

1.4%  Silicon 
Carbide  3  jj 

2.0 

6.4  KHz 

10.4 — 4.0 

KHz 

Stable 

5 

1.4%  Molybdenum 

16.3 

1.13  KHz 

10.4 - 4.0 

KHz 

Gross  Irregularity.  500 
bar  transducer  destroyed. 

Table  4  Effect  o t  Propellant  Type 


Type 

Burning  Rate 

mm/s 

%  Silicon 
Carbide 

Acoustic  Combustion  Stability 

1 

4  at  25  b 

0 

Highly  Unstable 

400%  overpressure 

0.7 

•  *  •• 

250%  overpressure 

1.4 

Fairly  Stable 

No  overpressure 

2.1 

Stable 

No  overpressure 

2 

8  at  50  b 

0 

Highly  Unatable 

>  250%  overpressure 

0.7 

M  •• 

200%  overpressure 

1.4 

Fairly  Stable 

10%  overpressure 

2.1 

Stable 

No  overpressure 

3 

24  at  120  b 

0 

Unstable 

50%  overpressure 

0.7 

Fairly  Stable 

No  overpressure 

1.4 

Stable 

No  overpressure 

2.1 

Stable 

11  ** 

ll 


Table  5  Effect  of  Silicon  Carbide  on  Various  Test  Vehicles 


Motor  Type 

1st  Tangential  Acoustic 
Mode  Frequency  KHz 

Optimum  Damping  Frequency 

3fl  SIC  KHz 

Results 

1 

150  an  dla  4 
Radial  L 

slot 

10.4—4.0 

6.4 

Stable 

2 

ISO  aa  dla  6 
Radial  t 

slot 

8.0— 1.0 

6.4 

Stable 

3 

127  mm  dla  4 
Radial  C 

slot 

23.4 — 5.0 

6.4 

Stable 

4 

100  aa  dla  8 
Radial  L 

slot 

33.0 — 6.1 

6.4 

Stable 

5 

195  mm  dla  4 
Radial  C 

slot 

8.4 — 3. 1 

6.4 

Stable 

Table  6  If  feet  of  PlffTMt  Pirticlt  SUtd  Rtfnctorl>i 


Teat 

No 

Additive 

Additive  Slae 
Micron 

%  Additive  In 
Propellant 

Results 

1 

None 

• 

0 

2 

Silicon  Carbide 

6 . 9 

2.1 

Stable 

3 

»  " 

6.5 

1 . 4 

Stable 

4 

6.9 

0.7 

Slight  Instability  giving  lover  pressure 

5 

"  " 

4.5 

2.1 

Stable 

6 

"  " 

4.5 

1.4 

Slight  Initial  Instability  then  Stable 

7 

'*  " 

4.5 

0.7 

Slight  Instability  giving  lover  pressure 

8 

" 

3.0 

2.1 

Stable 

9 

"  " 

3.0 

1.4 

Stable 

10 

1.  » 

S.O 

0.7 

Slight  In.tahlllty  giving  lower  preaaure 

it 

M  ” 

2.0 

2.1 

Stable 

13 

.«  « 

3.0 

1.4 

Stable 

IS 

M  M 

2.0 

0.7 

Slight  Instability  giving  lover  pressure 

14 

Z&rconla 

2.8 

2.1 

Stable 

19 

" 

2.8 

1.4 

Stable 

16 

" 

2.8 

0.7 

Slight  Instability  giving  lover  pressure 

17 

1.1 

2.1 

Stable 

18 

1.1 

1.4 

Stable 

19 

1.1 

0.7 

Slight  Instability  giving  lover  pressure 

Table  7  Effect  On  Stability  of  Various  Aaounta  of  Aluminium 


Test  No 

Additive 

\  Additive  In  Propellant 

Results 

1 

None 

0 

Highly  Unstable  504  overpressure 

2 

Alualnlua 

2.1 

Stable 

3 

1.4 

Slight  Instability  giving  lover  pressure 

4 

” 

0.7 

Instability  causing  slight  overpressure 

Table  8  Effect  of  Propellant  Additives  on  Rocket  Exhaust  Smoke 
Teat  Motor:  150  ■■  SCB  burning  for  30  second*. 


Additive  Type/Size 

%  Additive  In  Propellant 

Smoke/Light  Attenuation  Through  Exhaust  Axis  dB 

None 

None 

0.5 

3N  Silicon  Carbide 

0.35 

0.86 

0.7 

0.88 

1.0 

1.07 

1.4 

1.25 

Aluainlua  Powder 

1.4 

5.0 
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DISCUSSION 


R.L.Derr,  Naval  Weapons  Centre,  US 

Have  you  collected  and  measured  the  mass  size  distribution  of  solid  combustion  residue  and  have  you  compared  this 
data  to  the  mass  size  distribution  of  the  solid  particle  additives  to  the  propellant? 

Author’s  Reply 

Perhaps  I  should  emphasise  that  the  additives  were  very  carefully  examined  prior  to  incorporation  into  the 
propellant.  A  variety  of  techniques  were  used  to  examine  size  and  shape.  For  example  following  size  measurement 
the  additive  sample  was  subjected  to  ultrasonic  vibration  and  rechecked  to  ensure  there  was  no  susceptibility  to 
aggregation  or  agglomeration  in  the  additive  to  be  used. 

Samples  of  additive  were  collected  from  within  the  combustion  chambei  and  the  exhaust  plume.  These  were 
examined  microscopically  and  were  found,  particularly  in  the  case  of  silicon  carbide,  to  be  identical  in  shape  and  size 
to  the  initial  condition. 
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MATERIAL  PROBLEMS  IN  JET  VANE 
THRUST  VECTOR  CONTROL  SYSTEMS* 

by 

D.  Kampa 
A.  Wei  6 

R.H.  Schmucker 

Bayern  -  Chemie 
Solid  Rocket  Company 
P.O.  Box  220 
8012  Ottobrunn 
West-Germany 


SUMMARY 

For  highly  manoeuverable  tactical  missiles,  a  thrust  vector  control  system  with  high 
side  forces  is  essential:  of  the  various  methods,  jet  vane  systems  offer  maximum  jet  de¬ 
flection  angles,  but  high  heat  flux  and  particle  erosion,  especially  at  high  angles  of 
attack,  lead  to  material  problems  which  can  only  be  overcome  by  careful  material  selection 
and  proper  shaping  of  the  geometry  by  means  of  suitable  heat  transfer  and  flow  field  pre¬ 
diction  procedures.  For  two  different  HTPB-composite  propellants  with  low  (1*)  and  high 
(16-184)  aluminum  loading,  materials  are  tested  and  tine  experimental  results  with  respect 
to  thermal  resistance  are  auplied  for  an  experimental  jet  vane  thrust  vector  control 
system. 


1.  INTRODUCTION 

The  realization  of  many  present  day  and  future  missile  missions  necessitates  an  active 
control  system.  The  control  force  and  momentum  generated  by  such  a  system  are  required  to 
accomplish  specified  trajectory  changes  compared  to  the  undisturbed  vehicle  motion  due  to 
gravity  and  atmospheric  effects;  in  addition,  this  device  has  to  balance  external  distur¬ 
bances  such  as  wind  and  pressure  forces  and  missile  inherent  forces  which  are  the  result 
of  a  non-accurate  missile  arrangement  and  non-nominal  operation. 

Of  the  various  means  for  active  trajectory  correction,  a  thrust  vector  control  system 
represents  the  only  principle  independent  of  missile  external  forces  so  that  this  method 
is  operative  during  every  phase  of  the  mission  propelled  phase.  By  this  method,  a  thrust 
vector  component  normal  to  the  main  thrust  axis  is  generated.  In  case  of  a  solid  rocket  this 
can  be  realized  by  three  different  means,  movable  nozzle,  secondary  injection  and  mechan¬ 
ical  jet  deflection.  Considering  the  chamber  pressure  of  typical  high-performance  tactical 
missiles  which  amounts  to  approximately  1 5o  to  200  bar,  these  systems  can  be  classified  as 
listed  in  Table  1. 

Although  such  a  comparison  due  to  the  subjective  character  of  the  valuation  lias  to  be 
examined  with  some  caution,  it  appears  that  mechanical  jet  deflection  devices  are  charac¬ 
terized  by  a  low  actuation  torque,  low  response  interval  and,  in  case  of  a  jet  vane  system, 
by  a  small  installation  envelope.  The  main  aspect,  the  thrust  vector  angle  capability, 
shows  significant  advantages  compared  to  the  other  systems  so  that  this  method  is  espe¬ 
cially  attractive  for  high  manoeuverability  during  the  initial  mission  phase. 

On  the  other  hand,  some  disadvantages  and  problems  are  also  connected  with  these  sys¬ 
tems  , per formance  loss  and  material  compatibility  with  exhaust  jet. 

Of  the  various  mechanical  jet  deflector  systems,  jet  vanes  offer  the  possibi 1 ity  of  roll 
control  -  in  case  of  a  single  nozzle  arrangement  a  jet  vane  device  represents  the  only 
practical  thrust  vector  control  system  to  perform  such  a  task  -  ,  ease  of  combination  with 
an  aerodynamic  control  mechanism  and  extreme  thrust  vector  anqle.  In  addition,  by  the  ar¬ 
rangement  character  of  the  system,  during  the  mission  phase  subsequent  to  the  launch  when 
aerodynamic  forces  are  sufficient  for  control  purposes  a  separation  of  this  device  is 
possible  thus  eliminating  performance  loss,  actuation  power  and  reducing  inert  weiqht . 

Jet  vane  thrust  vector  control  systems  were  firstly  used  almost  5o  years  ago  by  R.H. 
Goddard.  More  than  two  decades  later,  the  experience  gained  by  the  developmental  work  and 
operational  use  during  World  War  II  was  applied  to  rockets  like  Redstone,  Sergeant  and 
Pershing.  Due  to  the  material  problems  when  using  high  energy  aluminized  propellants  and 
the  advance  of  other  thrust  vetor  systems,  jet  vane  devices  were  further  studied  only  on 
a  low  effort  level.  New  mission  concepts  and  the  above  mentioned  system  capabilities 
presently  result  in  a  discussion  of  the  application  of  jet  vane  thrust  vector  control 
systems  especially  for  start  phase  trajectory  control. 


2.  THERMAL  AND  MECHANICAL  JET  VANE  LOAD  EFFECTS  ON  MATERIAL  SELECTION 

The  deslqn  of  jet  vanes  requires  the  selection  of  a  suitable  material  to  withstand 
the  thermal  and  mechanical  loads  and  the  proper  shaping  of  the  geometry  in  order  to  maxi¬ 
mize  the  side  thrust  with  minimum  performance  losses  while  maintaining  the  structural 
rigidity  of  the  blades  during  operation.  Both  requirements  closely  interrelate  but  in  op¬ 
posite  directions, since  a  material  with  a  lower  strength  at  elevated  temperature  results 
in  a  thicker  vane  and,  hence,  more  unfavourable  aerodynamic  characteristics. 

•This  work  was  sponsored  by  the  Ministry  of  Defense/Government  Procurement  Office  of  the 
Federal  Republic  of  Germany. 


Table  1  Comparison  of  Solid  Rocket  Motor  Thrust  Vector  Control  Systems  (Ref.  1,6,9) 


System 

Method 

Maximum 

thrust 

vector 

deflection 

(°) 

Axial 

thrust 

loss 

(») 

Actuation 

torque 

Disadvantage 

Status  and 
application 

Mavable  nozzle 

Flexible  joint 

15 

Cosine 

large 

Joint  thermal 
protection  and 
pivot  point 
floatation. 

State  of  the  art; 
Polaris  C3. 

Fluid  bearing 

25 

Cosine 

low 

Bearing  thermal 
protection  and 
pivot  point 
floatation. 

State  of  the  art ; 
Trident  I  <C4) . 

Ball  and  socket/ 
ginfoal 

25 

Cosine 

Large/ 

low 

Sealing  and 
erosion  at 
splitline. 

State  of  the  art; 
Minutenan,  anti¬ 
tank  missiles. 

Secondary 

injection 

Liquid  injection 

4 

Augmen¬ 

tation 

Low  thrust  de¬ 
flection;  high 
system  weight; 
long  term  stor¬ 
age  of  liquid. 

State  of  the  art; 
Polaris,  Minute- 
man,  Titan,  Sprint 

Hot  gas  injection 

7-12 

Augmen¬ 

tation 

Hot  gas  valve 
thermal  loads; 
no  precise  veloc¬ 
ity  control 
possible. 

Experimental 

rockets. 

Mechanical 
jet  deflection 

Jet  vane 

30 

3-5%  w/o  Low 

actuation; 
propor¬ 
tional  to 

50-100*  of 
side  thrust. 

Themal  loads; 
limitation  to 
short  burning 
time  or  low- 
tenperature 
propellant. 

Operational  for 
Pershing,  Sergeant 
■falos. 

Jetevator 

20-30 

0-10*  w/o 
actuation; 
see  above. 

Low 

System  envelope;  Operational  for 
thermal  loads  Polaris  A1 ,  anti- 

see  above.  tank  missiles. 

Spoiler 

1o-20 

Proportional  Low 
to  side 
thrust. 

System  envelope; 
theme  1  loads 
see  above. 

Operational  for 
anti-tank  missiles 

The  aerodynamic  design  of  the  vane  geometry  can  be  performed  with  reasonable  accuracy 
on  the  basis  of  supersonic  flow  theory  with  boundary  laver  correction  (Ref.  5).  Experiments 
show  that  the  deviations  between  theoretical  and  test  data  are  small  (Ref.  2,3).  Since  the 
vane  geometry  is  determined  by  the  material  properties  and  loads,  the  aerodynamic  shape 
can  only  be  varied  within  certain  limits  so  that  this  part  of  the  vane  design  is  of  secon¬ 
dary  importance. 

The  behaviour  of  the  vane  material  in  the  exhaust  jet  according  to  the  mechanical  and 
thermal  properties  can  hardly  be  predicted  with  sufficient  reliability  necessitating  an 
experimental  material  selection. 


2.1  Propellant  and  Combustion  Product  Data 

The  kind  of  thermal  loads  is  characterized  by  the  energetic  properties  of  the  pro¬ 
pellant  and  the  thermodynamic  gas  data.  In  Table  2,  for  three  different  HTPB  (hydroxyl- 

Table  2  Data  of  HTPB-Composite  and  Double-Base  Propellants 


HTPB-compos ite  propellant 
ABC 


Double - 
base 

propellant 


Aluminum 

(weight-*) 

18 

16 

1 

0 

Oxidizer 

(weight-* ) 

66 

68 

83 

48/41 -Nc/Ng 

Binder&catalyst 

(weight-*) 

16 

16 

16 

1  1 

Combustion  temperature 

(K) 

3240 

3230 

2820 

2640 

Characteristic  velocity 

(m/s) 

1453 

1575 

1509 

1447 

Specific  impulse  (70:1) 

(s) 

241 

261 

244 

233 

Density 

(kg/mJ ) 

1820 

1720 

1680 

1620 

Nozzle  exit  gas  temperature 

(70:1)  <K) 

2020 

1850 

1315 

1180 

Solid  particle  fraction 

(weight-*) 

34 

30 

2 

0 
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terminated  polybutadien) -composite  propellants  with  various  aluminum  loadings  the  respec¬ 
tive  data  are  presented;  for  comparison,  the  data  of  a  conventional  double-base  propellant 
are  also  included. 

The  composite  propellants  A  and  B  represent  high  energy  compositions  with  aluminum 
fractions  of  16  to  18%,  the  gas  temperature  exceeds  3200  K  and  the  weight  fraction  of 
solid  particles  in  the  exhaust  jet  range  from  30  to  34%.  These  data  are  typical  for  pro¬ 
pellants  imposing  maximum  thermal  and  erosive  loads  onto  the  vane  material. 

Composition  C  describes  a  propellant  with  negligible  primary  smoke,  the  gas  tempera¬ 
ture  amounts  to  roughly  2800  K. 


2.2  Physical  Properties  of  Jet  Vane  Materials 

To  withstand  such  a  high-temperature  environment,  a  material  with  a  corresponding 
high  melting  point  must  be  selected.  Three  material  types  are  available,  metals,  ceramics 
such  as  oxides,  borides  and  carbides  and  graphite  and  carbon  products;  these  can  either 
be  used  as  pure  construction  material  or  composite  material  when  a  base  material  of  suffi¬ 
cient  strength  is  covered  by  a  thin  layer  of  a  thermal  and  erosive  resistant  material.  Due 
to  the  high  gas  temperature,  for  practical  purposes  only  materials  with  a  melting  point 
exceeding  approximately  2500  K  are  applicable.  In  Table  3,  the  mechanical  and  thermal  pro¬ 
perties  of  various  refractory  material  are  presented.  The  thermal  data  of  the  ceramics  de¬ 
pend  very  much  on  the  compression  of  the  base  material,  in  case  of  graphite  and  carbon  the 


Table  3  Mechanical  and  Thermal  Properties  of  Various  Refractory  Jet  Vane  Materials* 
(Ref.  4, 7, 8, 9) 


Material 

Chem. 

symbol 

Melting 

point 

(K) 

Density 

Linear 
coef f . 
of 

thermal 
expansion 
(  icH>/k) 

Thermal 

conduc¬ 

tivity 

(W/mK) 

Tensile 

strength 

(N/mmJ ) 

Specific 

heat 

(kJ/kgK) 

Modulus 

of 

elastic¬ 

ity 

(  lOkN/nm2 ) 

Metals 

High  strength  steel 

1800 

8000 

7.1 

25.1 

1500 

0.48 

20 

Molybdenum 

Mo 

2890 

10200 

5.3 

142.0 

0.25 

Tantalum 

Ta 

3270 

16600 

21.7 

54.4 

0.15 

Rhenium 

Re 

3440 

20500 

Tungsten 

H 

3680 

19300 

4.6 

125.0 

800 

0.14 

41 

Ceramics 

Boroncarbide 

b4c 

2460 

2500 

3. 1-6. 5 

29 

350 

45 

Zircona 

Zr02 

2600 

5800 

5.0-11.6 

1 .7-2.7 

190-300 

0.42-0.75  16-20 

Siliconcarbide 

SiC 

2300-2760 

3200 

5. 0-5. 9 

41-100 

860 

39-48 

Tungstencarbide 

WC 

2600-2780 

15600 

5. 2-7. 3 

117-197 

555 

0.85 

72 

Boronnitride 

BN 

2400-3000 

3450 

13.3 

Titaniumboride 

TiB2 

2850-2980 

4500 

4. 6-7. 4 

29-54 

600 

37-42 

Zirconium boride 

ZrB2 

2990-3060 

6000 

6. 8-7. 5 

23-44 

200 

35 

Titaniumcarbide 

TiC 

3090-3160 

4900 

3. 4-7. 7 

25 

240-4C0 

0.56-0.80  32-46 

Tantalumboride 

TaB2 

3100-3150 

12000 

5. 1-5.7 

12-19 

26 

Hafniumboride 

HfB2 

3200-3250 

11000 

5.4 

58 

Zirconiumcarbide 

ZrC 

3330-3540 

6500 

6.7 

20-42 

280-400 

35-38 

Hafniumcarbide 

HfC 

3740-4040 

12300 

6.5 

12-29 

35-40 

Carbon/Graphite  ** 

C 

3900 

Polycrista  lline 

1900 

6.0 

90 

85 

0.75 

Pyrolytic  graphite 

2200 

1/25 

380/2-8 

240 

Carbon /carbon 

1700 

0.7/6. 5 

250/100 

60-150 

2. 5-3. 5 

Glass-like  carbon 

1500 

2.7 

90 

3.0 

*  All  values  shown  are  for  room-temperature  properties. 

**  Typical  properties,  not  design  properties.  Values  separated  by  a  slash  apply  to  the 
two  main  orientations. 


properties  can  be  varied  over  a  wide  range  by  changing  the  processing  methods. 


2.3  Jet  Vane  Load  Characteristics 


The  jet  vane  loads  can  be  classified  into  thermal  and  mechanical  loads;  the  former 
affect  the  structural  integrity  during  the  first  several  100  ms  of  operation  while  the 
latter  control  the  long  term  rigidity. 
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nonsteady  heating  occurs.  As  a  consequence  of  the  heat  transfer  coefficient,  which  amounts 
due  to  the  high  gas  velocity  and  the  particle  loading  to  an  order  of  magnitude  of  several 
kW/m*K,  the  surface  temperature  rises  within  a  few  100  ms  from  ambient  to  nearly  stagnation 
temperature.  The  temperature  increase  at  the  vane  axis  occurs,  depending  on  the  vane  mate¬ 
rial  and  the  blade  thicxness,  approximately  half  a  second  later. 

The  large  temperture  differences  within  the  material  result  in  a  thermal  shock  so 
that  the  tensions  due  to  thermal  expansion  may  destroy  the  blade.  This  thermal  shock  sensi¬ 
tivity,  which  can  be  roughly  described  by  the  product  of  modulus  of  elasticity,  thermal 
expansion  coefficient  and  temperature  difference,  divided  by  material  strength  represents 
an  important  criterion  for  the  applicability  of  materials  for  jet  vane  systems. 


2.3.2  Mechanical  Load 

Mechanical  loads  result  from  vane  lift  and  drag.  The  combined  load  corresponds  approx¬ 
imately  to  the  attained  side  thrust  so  that  at  high  anciles  of  attack  of  the  vane  severe 
loads  occur.  Therefore,  in  spite  of  the  unfavourable  aerodynamic  characteristics,  for  the 
realization  of  high  thrust  vector  angles,  relatively  thick  jet  vane  blades  are  required. 

Abrasion  by  particles  represents  an  important  effect  when  large  weight  fractions  of 
solid  particles  in  the  exhaust  jet  occur.  Using  sandblast  experiments  as  basis,  it  can  be 
concluded  that  particle  density  and  material  strength  play  an  important  role  so  that,  es¬ 
pecially  shortly  prior  to  the  end  of  the  burning  time,  significant  material  erosion  may 
happen. 


3.  EXPERIMENTAL  MATERIAL  EVALUATION 

To  select  a  suitable  material  for  a  jet  vane  system,  an  experimental  material  evalu¬ 
ation  program  was  performed.  A  portion  of  this  test  program  was  conducted  in  close  cooper¬ 
ation  with  Messerschmitt-BOlkow-Blohm  (MBB) ,  material  laboratory  (Ref.  7). 


3.1  Test  Apparatus 

Material  testinq  was  accomplished  with  a  small  0.11  m  diameter  rocket.  The  relevant 
data  are  listed  in  Table  4;  in  Fig.  1,  a  photograph  of  the  rocket  at  the  test  stand  is 


Table  4  Data  of  Jet  Vane  Material  Test  Engine 


Length  of  grain 

1.141  m 

1.141  m 

Diameter  of  grain 

0.110  m 

0.110  m 

Propellant  mass 

16.3  kq 

14.6  kq 

Trust  -  average 

10,200  N 

15,200  N 

maximum 

14,000  N 

25,800  N 

Chamber  pressure  -  average 

1 1 8  bar 

144  bar 

maximum 

153  bar 

238  bar 

Burning  time 

3.59  s 

2.40  s 

Propellant  type 

HTPB-composite  A 

B 

Fig.  1  Rocket  Enqine  for  Jet  Vane  Material  Testinq 

presented.  In  Fig.  2,  the  arrangement  of  the  vane  material  test  specimen  is  to  be  seen; 
the  blades  penetrate  roughly  3  cm  into  the  exhaust  jet. 
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Fig.  2  Arrangement  of  Jet  Vane  Material  Test  Specimen  Before  and  After  Testing 


3.2  Material  Tests  with  Highly  Aluminized  (16-18%)  Composite  Propellant 

Most  emphasis  was  placed  upon  the  material  evaluation  for  a  highly  aluminized  com¬ 
posite  propellant.  A  number  of  tests  using  some  of  the  materials  listed  in  Table  3  were 
performed.  These  are  classified  in  Table  5,  which  comprises  also  the  respective  test  con¬ 
ditions  and  the  results. 

The  test  specimens  made  of  pure  ceramics,  glass,  comnosite  ceramics  and  coated  glass 
were  destroyed  due  to  inadequate  thermal  shock  resistance.  In  Fig.  3,  as  an  example  for 
this  phenomenon,  the  disintegration  of  a  TiC  jet  vane  is  presented.  Little  improvement 


Operation  time 

20  ms  70  ms  260  ms  1500  ms 


Fig.  3  Disintegration  of  TiC  Jet  Vane  Material  (Ref.  7) 

seems  to  be  possible  (Ref.  7).  Pure  carbon  and  Impregnated  carbon  were  nearly  completely 
destroyed.  This  results  from  the  soft  surface  structure  which  cannot  withstand  the  severe 
particle  erosion  load.  Fiq.  4  shows  a  jet  vane  before  and  after  testinq,  made  of  glass-like 
carbon.  Using  a  protective  layer  to  improve  the  surface  hardness,  the  efficiency  depends 
on  the  compatibility  between  base  material  and  the  layer  and,  if  necessary,  the  primer. 
Graphite  coated  with  tungsten  and  a  reinforced  tip  shows  promising  results;  in  all  other 
cases,  a  separation  of  the  layer  with  subsequent  destruction  of  the  base  material  occurred 
The  best  results  were  obtained  with  pure  tungsten.  Here,  only  little  erosion  at  the 
tip  was  measured,  as  seen  in  Fig.  5,  in  which  a  tungsten  jet  vane  before  and  after  test- 


Table  5 


Test  Results  of  Jet  Vane  Materials  with  16- 1 8 i -Aluminum  HTPB  Composite  Propel 
lant  (Including  the  Results  of  Ref.  7) 


Propellant  Angle  Results 
type  of 

attack 


Pure  Ceramics  and  glas: 

Zr02,  TiB2,  TiC,  B4C,  SiC,  compressed 
at  elevated  temperature. 

Glass,  glass  with  polished  surface. 

Composite  ceramics  and  coated  glass : 

TiC  with  Ni,  TiC  with  Ni/MO20, 
ZrB2/SiC/C,  Mo/Zr02»  compressed  at 
elevated  temperature. 

Glass  with  Zr02-layer. 

Carbon: 

Carbon/carbon,  carbon  impregnated  with 
SiC. 

Coated  graphite/carbon: 

Graphite  (R , E) *  with  W-layer;  carbon/ 
carbon  with  W,  TaC,  Zr02,  SiC-layer. 
Graphite  (EK  76**,  SE  18,  FE  49***) 
with  W-layer,  reinforced  tip. 

Graphite  (Ellor  5890****)  with  W- 
layer,  reinforced  tip. 

Metals: 

High  strength  steel,  coated  with  ZrC>2, 
AI2O3,  spinel-layer;  Mo,  coated  with 
Zr02~layer . 

W  with  metallic  binder  (Ni,  Cu)  and 
carbonized  surface. 

W,  sintered  and  as  sheet  metal;  W 
coated  with  B,  Zr02~layer 

W,  coated  with  B-layer  (2ou) 


0  Destroyed  by  thermal  shock 
ablated . 


0  Destroyed  by  thermal  shock 
ablated . 


0  Nearly  completely  ablated 


Little  erosion;  Vi- 
partial  ly  removed. 
Negligible  erosion 


Ablated 


Nearly  negligible  erosion 
at  tip;  layer  partially 
abrased . 

little  erosion;  severely  1 
torred . 

Negligible  distortion. 


W,  coated  with  B-layer  (40u) 


*R:  rocket  engine  quality;  E:  electrode  quality 
**Ringsdorf f . 

***Schunk»Ebe . 

•••♦Deutsche  Carbone. 


ing  is  presented.  Deformations  at  high  angles  of  attack  result  from  severe  heating  and 


Fig.  4  Erosion  and  Ablation  of  Carbon  (Glass-like  Carbon)  Jet  Vane  Material 


Fig.  5  Tungsten  Jet  Vane  Before  and  After  Testinq 

high  aerodynamic  loads,  as  shown  in  Fig.  6,  and  were  avoided  by  using  a  protective  layer 
so  that  the  core  temperature  remains  lower  during  the  later  part  of  operation. 


Fig.  6  Deformation  of  Tungsten  Jet  Vane  at  15°  Angle  of  Attack 

The  experiments  indicate  that  pure  tungsten  coated  with  a  thin  layer  of  a  low  thermal 
conductivity  material  yields  the  best  jet  vane  material.  Sufficient  mechanical  strength 
can  be  achieved  by  designing  the  vane  as  beam  of  uniform  rigidity. 

Specifically  selected  graphite  with  a  surface  layer  of  tungsten  and  a  reinforcement 
at  the  tip  show  promising  results,  at  least  at  zero  angle  of  attack,  but  the  data  currently 
available  are  not  sufficient  to  allow  further  conclusions.  Material  brittleness  may  yield 
additional  handling  and  operational  problems. 


3.3  Material  Tests  with  Low  Aluminized  (1*)  Composite  Propellant 

Only  a  few  tests  with  low  aluminum  loading  composite  propellant  were  performed. 
Molybdenum  and  tungsten  did  not  show  any  erosion  or  ablation;  carbon/carbon  demonstrated 
little  erosion  at  the  tip.  At  high  angles  of  attack,  similar  to  the  tests  with  high  alu¬ 
minum  loading  propellant,  problems  with  material  strength  occured,  necessitating  proper 
vane  geometry  shaping  and  surface  coatings  to  reduce  the  temperature  rise  at  the  blade 
core.  A  layer  of  zirconia  was  sufficient  to  resolve  this  problem.  This  material  combination 
was  applied  for  an  experimental  jet  vane  thrust  vector  control  system. 


4.  EXPERIMENTAL  JET  VANE  THRUST  VECTOR  CONTROL  SYSTEM 

For  verification  of  the  jet  vane  concept,  an  exoerimental  engine  with  a  jet  vane 
thrust  vector  control  system  usind  a  propellant  with  low  orimary  smoke,  the  comDOsition  C 
of  Table  2,  is  presently  being  developed.  In  Fig. 7,  a  photograoh  of  the  engine  in  the  test- 
bench  with  the  hot  gas  actuation  system  and  the  associated  instrumentation  is  shown;  Fig.  8 
comorlses  a  schematic  cross  sectional  drawing  of  the  nozzle  and  hot  gas  nice  with  the  jet 
vane  arrangement  and  the  actuation  devices  for  fins  and  jet  vanes.  In  Table  6,  the  impor¬ 
tant  data  of  the  engine  are  listed. 


Fig.  7  Experimental  Engine  for  Jet  V'ane  Thrust  Vector  Control  System  Testing 


Motor  Case 


Jet  Vanes 


Actuator 


Gas  Generator 


Fiq.  8  Schematic  Cross  Section  of  Jet  Vane  and  Actuation  System  Arrangement 
Table  6  [lata  of  Experimental  Jet  Vane  Thrust  Vector  Control  Engine 


Diameter 

Length 

Propellant  mass 
Thrust  (average) 
Pressure  (average) 
Burning  time 
Propellant  type 


0.24  m 
1.15m 
25.7  kg 
20,000  N 
192  bar 
3.7 

HTPB  composite 


During  the  initial  test  program,  a  material  and  geometry  evaluation  was  performed  indicat¬ 
ing  that  heat  conduction  into  the  vane  bearing  plays  an  important  role  on  the  strength  of 
the  vane.  Fig.  9  shows  an  example  of  vane  deformation  with  subsequent  burning  of  the 
mounting  support.  This  problem  was  overcome  by  proper  shaping  of  vane  and  bearing  and  a 
coating  layer.  In  Fig.  10,  a  drawing  of  the  vane  is  presented;  the  size  approximates 
0.05  x  0.05  m.  Another  method  for  prevention  of  excessive  heating  of  the  blade,  cooling 
by  a  small  nitrogen  mass  flow,  was  also  successfully  tested. 

In  several  operational  tests,  the  let  vane  thrust  vector  control  system  proved  its 
reliability.  In  Fig.  11,  the  jet  vanes  before  and  after  a  test  flrlnq  are  shown.  Little 
effect  on  the  jet  vane  conditions  is  noticed  deonstrating  that  this  thrust  vetor  control 
system  can  be  used  for  flight  testing. 


o  » 


Fig.  9  Jet  Vane  Deformation  at  High  Angle  of  Attack 


10  Jet  Vane  Blade  of  Experimental  System 


Experimental  Jet  Vane  Thrust  Vector  Control  System  Before  and  After  Testing 
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5.  CONCLUSION 

For  missions  requiring  high  manoeuverablity  during  the  initial  flight  phase,  a  jet 
vane  thrust  vector  control  system  offers  advantages  compared  to  the  other  thrust  vector 
systems  available,  which  result  from  the  possibility  of  roll  control,  high  thrust  vector 
angle,  low  actuation  power,  small  installation  envelope  and  ease  of  integration  with  the 
aerodynamic  control  system.  In  addition,  a  separation  of  the  vane  system  after  completion 
of  the  task  is  easily  performed. 

On  the  other  hand,  severe  material  problems  exist,  which  result  from  the  high  temoe- 
rature,  high  velocity  and  particle  loaded  environment,  requiring  an  exoerimental  material 
selection.  To  withstand  these  loads  the  vane  material  must  show  a  high  melting  raoint,  a 
sufficient  strength  at  elevated  temperature  and  a  thermal  shock  sensitivity. 

Five  different  refractory  material  types  were  studied  using  a  highly  aluminized  HTPB- 
comoosite  propellant.  Of  these,  pure  and  composite  ceramics  exhibited  insufficient  thermal 
shock  resistance,  pure  carbon  showed  extreme  ablation  and  erosion.  Specifically  selected 
graphite,  covered  with  a  tungsten  layer  and  reinforced  by  a  tip  of  this  material,  per¬ 
formed  well,  but  the  data  available  are  not  adequate  for  systems'  use.  The  best  results 
were  obtained  with  pure  tungsten  vanes,  covered  with  a  layer  of  low  thermal  conductivity, 
to  maintain  structural  rigidity. 

Tests  with  low  aluminum  loading  propellants  showed  less  severe  problems  so  that 
molybdenum  was  sufficient.  The  results  were  applied  to  an  experimental  thrust  vector  con¬ 
trol  system  with  a  low  primary  smoke  HTPB  composite  propellant.  By  proper  vane  shaping, 
heat  shielding  and  surface  coating,  a  functional  system  was  attained. 
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SUMMARY 

Problems  such  as  cost.  Inert  weight,  fire  risk  and  development  time  compel  designers  of  tactical 
motors  to  consider  the  use  of  composite  materials  to  bear  loads  and  to  resist  heat  and  erosion.  This 
paper  first  traces  the  move  from  traditional  materials  to  more  recent  concepts  such  as  dual-function 
composites  and  integrated  construction.  It  then  reviews  the  question  of  whether  in  fact  the  best  use  is 
being  made  of  available  materials,  particularly  in  reducing  weight  and  cost  together,  and  suggests  how 
this  might  be  done.  It  concludes  that  particularly  in  the  construction  of  motor  cases,  significant 
improvements  can  be  made  Immediately  with  only  minor  changes  in  design,  if  supported  by  adequate 
measurement  and  prediction  of  any  deterioration.  Innovative  research  is  still  necessary  and  worthwhile 
however,  on  composite  materials  for  insulants  and  for  end  plates. 


INTRODUCTION 

There  is  renewed  interest  in  the  use  of  fibre  reinforced  composites  in  tactical  motor  hardware  for 
several  reasons.  Glass  fibre  composites  have  been  used  for  many  years  to  produce  motor  cases  quickly  at 
relatively  low  cost,  and  they  are  also  considered  to  provide  reliable  "leak  before  burst"  behaviour  in 
fires.  However,  these  features  are  also  available  in  steel  strip  wound  laminates,  and  simple  motor 
tubes  made  in  this  way  show  less  dilation  under  pressure.  Conversely  GRP  materials  are  more  versatile 
in  forming  structural  shapes  and  more  tolerant  of  damage,  but  can  also  be  more  variable  and  need  careful 
storage  to  prevent  deterioration  of  their  strength  properties.  However,  they  do  also  function  as  thermal 
insulants,  and  this  illustrates  the  need  to  look  at  the  total  performance  and  cost  requirements  before 
making  a  decision. 

In  the  last  decade  we  have  perhaps  seen  conventional  solid  propellant  technology  approach  its 
natural  limits,  whereas  in  the  materials  area  there  has  been  significant  progress,  with  the  introduction 
of  new  fibres  such  as  carbon  and  Kevlar,  and  at  least  some  deeper  understanding  of  the  role  of  insulating 
materials.  It  is  these  material  changes  which  lead  one  to  suspect  that  the  weight  of  certain  types  of 
hardware  might  Indeed  be  halved,  and  that  this  will  have  a  significant  effect  on  motor  designs  of  high 
inert  weight  and  those  systems  designs  which  are  performance-limited.  If  such  gains  are  attainable 
consistently  and  at  reasonable  cost,  then  it  is  Important  to  evaluate  them  quickly,  if  only  to  prevent 
an  unfavourable  technology  gap  from  developing.  One  way  of  assessing  the  opportunities  is  to  consider 
first  the  functions  to  be  performed  by  the  materials,  how  these  may  be  combined  and  with  what 
restrictions,  then  to  see  what  this  implies  in  terms  of  fabrication  and  cost,  and  finally  to  look  at 
specific  solutions  which  have  proved  fruitful,  or  should  do  so. 

There  are  of  course  some  useful  simplifications  which  can  be  made  from  the  start.  In  small, 
cigarette-burning  motors,  the  weight  and  volume  of  erosion-insulation  linings  will  be  most  Important. 

For  high  aspect  ratio  motors,  the  mass  of  the  ends  is  not  very  critical,  and  if  they  are  radial  burning, 
nor  is  that  of  the  case  insulation.  Such  a  motor  would  be  a  good  candidate  for  a  lightweight  motor  tube, 
or  for  tolerating  the  increased  chamber  pressure  associated  with  higher  burning  rates. 

The  orthodox  view  of  motor  hardware  is  that  each  material  should  have  a  single  function, 
ie  structure  -  insulation  -  erosion  face,  to  which  it  is  best  suited,  using  the  word  erosion  t.0  describe 
all  forms  of  surface  attack  other  than  by  heat  alone.  This  trilaminar  arrangement  stems  from  the  use  of 
strong,  but  thermally  conducting  alloys,  with  reduced  strength  at  high  temperatures,  whose  use  is 
therefore  limited  to  a  few  hundred  degrees  above  room  temperature. 

The  materials  with  maximum  erosion  resistance  at  temperatures  around  3000  K  are  of  necessity  to  be 
found  in  nozzle  throat  sections  which  must  ideally  maintain  a  constant  bore  during  firing.  Dense 
graphite  and  tungsten,  both  good  thermal  conductors,  are  the  traditional  materials  here,  and  the  analogy 
with  their  use  in  filament  lamps  is  obvious,  exemplifying  the  few  materials  which  retain  strength  or 
indeed  exist  as  solids  as  these  temperatures.  Silicon  carbide  is  preferred  under  oxidising  conditions, 
where  the  solid  becomes  coated  with  silica  which  in  turn  can  evaporate  as  SiO.  In  an  inert  atmosphere 
SiC  will  decompose  to  silicon  and  carbon,  since  the  partial  pressure  of  silicon  over  SiC  is  several 
millimetres  at  2500  K  (1). 

Insulants  too  are  commonly  subjected  on  one  face  to  temperatures  exceeding  2500  K,  whether  or  not 
they  are  exposed  directly  to  the  combustion  flame.  To  function  effectively  they  must  r.sist  radiated 
and  convected  heat  as  well  as  conducted  heat  and  thereby  prevent  serious  rise  in  temperature  of  the 
structure,  or  the  unbumt  propellant.  At  least  during  ignition,  they  may  be  called  upon  to  transmit 
tne  gas  pressure  to  the  structure,  before  high  pressure  gas  has  leaked  behind  them  or  into  them.  This 
requirement  has  obviously  favoured  the  use  as  Insulants  of  solids  which  are  virtually  impervious  and 
only  later  degrade  to  a  fine,  porous  and  insulating  layer  which  would  not  in  itself  resist  a  sharp 
change  in  gas  pressure.  Polymers  of  low  stiffness  have  a  disordered  molecular  structure  which  minimises 
heat  transmission,  and  rubbers  in  particular  provide  mechanical  accommodation  between  propellant  and 
case.  They  are  able  to  decompose,  absorbing  heat,  to  porous  but  fragile  carbon  chars  which  serve  well 
as  Insulants  at  very  high  temperatures,  but  offer  little  resistance  to  erosion.  Although  rubbers 
and  thermoplastics  are  the  best  Insulators  in  the  uncharred  state,  ororslinked  phenol cs  provide  a 


■lightly  stronger  and  heavier  char,  and  polyphenylene!  •  stronger  MM  ,•  .-  t|  It 

commonly  maintained  throughout  deoompoai  tlon  by  the  Introduction  of  a  fibre  network.  This  i:\bal.iy 
represents  the  first  serious  use  of  a  fibre  reinforced  composite  In  tile  propulsion  field  If  one  neglects 
ti;e  cardboard  tube  from  which  display  rockets  are  constructed. 

This  one  material  -  one  function  approach  Is  Illustrated  In  Figure  as  a  composition  diagram. 

There  Is  of  course  no  reason  wiiy  any  one  of  these  traditional  materials  should  not  be  used  for  more  than 
one  purpose,  but  the  result  would  be  heavy  and  Ineffective.  Cardboard  offers  a  strong  hint  that  this 
need  not  always  be  so.  The  tntr  hot  :  i  fibri  .  ghtweight  atiMOtural  material* 

exemplifies  the  way  In  which  the  materials  picture  nas  o hanged,  Figure  2  Illustrates  the  way 
intermediate  c  ■■■ ;  t  c  : .  ■  :  •  serv.  •  :■<  thui  function, 

COMBINED  INSULATION  AND  STRUCTURE  ORGANIC  MATRIX  COMPOSITES) 

Even  In  the  presence  of  conducting  fibres  the  thermal  Insulating  properties  of  tile  organic  matrix 
and  its  char  are  largely  preserved  In  the  direction  perpendicular-  to  tile  fibre  plane  of  laminates  and 
wound  structures  *2).  However,  fibres  which  are  exactly  In  tile  plane  of  tile  ablating  surface  will  be 
swept  away  by  eroding  gases,  so  the  simple  advantage  is  only  one  of  Insulation,  not  of  erosion 
resistance.  Specifically,  the  presence  of  carbon  fibre  tends  to  Increase  conductivity  a  little 
perpendicular  to  the  fibres,  and  In  the  case  of  tile  high  modulus  graphite  fibre,  the  composite 
conductivity  parallel  to  the  fibres  approaches  that  of  graphite  Itself.  However,  In  the  case  of  the 
oriented  aromatic  fibre  Kevlar,  which  also  has  a  high  specific  strength,  ttie  conductivity  perpend! cul al¬ 
to  the  fibre  axis  will  be  virtually  that  of  a  matrix  polymer. 

Although  fabrication  of  Insulation  and  structure  together  Is  attractive,  there  Is  no  particular 
reason  for  using  an  expensive  fibre  like  carbon,  rather  than  glass  for  a  purely  lsulating  role  unless 
a  useful  element  of  risk-sharing  Is  Involved.  It  Is  not  unusual  to  provide  say  twlcs  as  much  material 
for  structure  or  for  Insulation  as  Is  needed  on  average  and  tills  of  course  allows  for  statistical 
variability  In  strength  or  thermal  attaok  on  the  material.  If  these  two  risks  are  regarded,  as  mn  lati 
so  far  as  the  material  is  concerned,  then  they  IN  very  unlikely  tl  ooour  together.  Tims  if  si  art  1 
materials  are  used  for  each  purpose  the  total  allowance  for  variability  Is  smaller  and  the  weight  Is 
reduced  purely  for  this  reason.  A  highly  simplified  form  of  tills  argument  Is  presented  In  Table  for 
the  case  where  structural  and  lnsulant  safety  margins  are  similar. 

TABLE  I 

OVERLAPPING  RISKS  OF  CHARRING  OR  PURE  MECHANICAL  FAILURE 


Depth,  in  Standard  Deviations 

Structure 

Insulation 

0 

2 

3 

4 

(A)  Mech  failure  probability 

0.5 

0.32 

0.06 

0.001 

(B)  Probability  of  charring 

0.001 

0.06 

0.32 

0.5 

or 

- 

0.001 

0.06 

0.32 

0.5 

Risk  of  charring  and  mech 
functions  being  needed  together 
(A  x  B) 

0.0005 

0.02 

0.02 

0.0005 

or 

... - 

0.00032 

0.0036 

0.00032 

- 

In  considering  these  relative  risks,  It  Is  Interesting  to  note  that  whereas  structural 
variability  can  sometimes  be  narrowed  by  proof-test lng  and  NUT  techniques,  similar 
techniques  are  not  In  general  use  for  testing  the  lnsulant  function. 


3  COMBINED  STRUCTURE  AND  EROSION  RESISTANCE  (CARBON  REINFORCED  CARBON  1 

If  the  structure  Is  strong  at  high  temperatures,  no  insulation  may  be  necessary.  If  It.  resists 
erosion,  even  better.  Even  though  the  absence  of  Insulation  Increases  heat  loss,  there  are  certain  parts 
of  motor  hardware  where  these  arguments  can  apply,  notably  to  choke  materials,  which  are  probably  strong 
enough  structurally  already  but  require  ideally  a  higher  capability  to  resist  thermal  strains,  possibly 
to  expansion  cones  and  to  thrust  vector  control  vanes  within  the  exhaust,  but  hardly  to  blast  tubes 
which  can  overheat  their  surroundings,  or  to  motor  oases  which  might  overheat  the  unburnt  propellant  in 
contact  with  them.  The  use  of  structure  which  is  to  run  very  hot.  locally  also  presents  extra  Joining 
problems.  Ir.  their  present  stage  of  development  these  materials  are  expensive  to  produce,  variable  in 
properties,  and  do  not  always  match  polymeric  composites  for  strength  or  (generally)  the  best  graphite 
chokes  for  oxidation  resistance,  although  their  resistance  to  thermal  strain  Is  an  advantage.  Their 
use  has  been  demonstrated  in  both  large  and  small  motors  and  modification  by  converting  both  fibre  and 
matrix  to  silicon  carbide  Is  improving  oxidation  resistance.  Tills  may  lie  sufficient  to  permit  a 
lightweight  Integral  choke  and  expansion  cone  construction  to  be  used  on  small,  long  burn  motors,  since 
expansion  cones  need  not  be  very  highly  stressed.  It  Is  also  feasible  that  for  many  motors,  sufficiently 
durable  components  could  be  produced  by  heat-stabilising  the  polymer  phase  without  Infiltrating  with  more 
carbon.  Perhaps  the  main  potential  here  Is  the  development  of  these  less  costly  forms,  supplemented 
where  necessary  by  a  denslfled  surface. 
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4  EROSION  AND  INSULATION  (CARBON -ORGANIC  COMPOSITES) 

Although  the  behaviour  of  polymeric  motor  insulants  Is  quite  complex,  as  a  practical  matter  there 
Is  now  no  difficulty  In  providing  pure  Insulants  which  are  very  efficient,  and  in  which  the  reinforced 
char  resists  the  temperature  of  a  motor  flame.  This  has  been  demonstrated  with  low  conductivity  carbon 
fibres  In  phenollcs  and  In  flexible  Insulants  designed  either  for  milling  or  casting.  The  real  problem 
Is  to  provide  simultaneously  adequate  erosion  resistance,  insulation  and  sufficient  strain  to  break.  In 
compositions  which  are  easily  fabricated  and  compatible  with  other  motor  substances.  Fibres  such  as 
asbestos,  alumina,  glass  or  silica  all  confer  to  chars  some  erosion  resistance,  but  are  unsuitable  for 
use  at  the  highest  flame  temperatures  unless  they  form  stable  reaction  products  with  the  char.  Glass 
and  silica  have  the  lowest  axial  conductivity  at  room  temperature,  but  asbestos  in  particular  contributes 
the  least  depth  of  charring  in  Insulants  such  as  moulding  compound  RA51.  This  may  be  because,  at  least 
in  Its  dehydrated  condition.  It  neither  conducts  nor  functions  as  a  "light  pipe”  for  the  near  infra-red 
at  elevated  temperatures.  However,  the  fact  that  it  decomposes  below  1000  K  and  melts  below  2000  K  does 
make  such  compositions  very  sensitive  to  changes  of  motor  environment,  and  asbestos  itself  must  be 
replaced  as  soon  as  an  efficient  and  safe  alternative  can  be  found. 

The  polymers  used  must  form  coherent  chars  -  at  the  high  rates  of  decompositic  squired  many 
polymers  decompose  entirely  to  volatile  products  or  leave  only  a  dusty  char.  The  re  ,e  of  suitable 
polymers  is  extending,  eg  phenollcs,  nylon,  polyphenylene  resins,  polyacrylonitrile  and  cellulose 
compositions,  chlorinated  polyethylenes,  OTPS,  etc.  Taken  overall,  these  changes  have  led  to  improve¬ 
ments  in  fabrication  and  mechanical  properties  more  than  in  insulation  behaviour,  and  the  typical  char 
depth  for  ten  seconds  exposure  remains  obstinately  about  one  millimetre.  These  active  and  open  forms  of 
carbon  in  chars  have  little  prospect  of  resisting  for  long  the  oxidation  by  propellant  gases  (COp,  HpO) 
flowing  under  high  pressure  at  3000  K,  and  some  are  too  weak  to  resist  the  most  severe  cases  of 
mechanical  erosion,  due  to  surface  shear  and  to  particle  bombardment.  Graphite  moulding  compounds  and 
structured  graphite-phenolic  composites  possessing  comparatively  high  erosion  resistance  (3)  but  poor 
insulation  have  of  course  already  been  developed  and  used.  The  alternative  Is  to  examine  how  changes  in 
the  geometry  of  insulating  and  erosion-resisting  phases  may  be  used  to  advantage.  A  conducting  erosion 
additive  and  an  lnsulant  can  be  combined  In  various  ways,  see  Figure  3.  A1  is  the  classical  but 
inefficient  moulding  compound,  while  B  contains  the  same  ingredients  arranged  physically  to  form  the 
correct  barriers  to  erosion  and  heat  flow.  C  is  a  preferred  arrangement  to  prevent  stripping  of  the 
separate  layers.  If  erosion  is  very  severe,  then  D  is  the  only  choice,  but  is  also  a  risky  one  if  the 
single  erosion  barrier  breaks  away.  A2  is  the  moulding  compound  version  of  B,  where  the  fibres  or  plates 
of  A'  are  equiaxial  particles  In  A2,  and  only  fibres  of  low  conductivity  pin  the  whole  together.  Simple 
calculation  shows  that  the  only  conditions  under  which  the  conductivity  of  Ai  may  be  made  almost  as 
small  as  B  or  D  would  be  if  the  erosion  element  were  small  in  volume  concentration  (less  than  10$),  or 
no  more  than  five  to  ten  times  the  conductivity  of  the  insulating  element. 

5  CONSTRAINTS 

To  sum  up,  we  cannot  expect  dual-function  materials  to  perform  each  function  quite  as  well  as  would 
two  or  more  concentric  layers  selected  for  the  purpose.  However,  there  are  advantages  in  overlapping 
the  functions,  especially  when  one  function  is  a  minor  one,  and  it  is  also  possible  to  fabricate  two 
different  layers  together,  thereby  still  saving  fabrication  cost.  We  might  generalise  by  saying  that 
Integration  of  material  and  fabrication  will  tend  primarily  to  save  cost  in  the  radial  direction  of  a 
motor  desig-i,  but  could  save  both  weight  and  cost  in  the  axial  direction. 

Indeed,  one  of  the  more  compelling  arguments  for  use  of  fibre  composite  materials  in  structures 
generally  is  that  they  lend  themselves  to  fabrication  virtually  in  one  piece,  thereby  saving  both  cost 
and  weight.  The  asbestos-phenolic  wing  in  Figure  4  weighed  no  more  than  an  aluminium  one,  in  spite  of 
the  superior  properties  of  aluminium.  This  is  common  experience  for  large,  lightly-loaded  composite 
structures,  but  is  not  necessarily  a  reliable  axiom  for  the  highly-stressed  parts  of  a  motor.  There  are 
several  reasons  for  this: 

1  One  piece  construction  ca-.  prevent  optimum  choice  of  material  for  each  component  -  assuming  there 
is  no  single  optimum  material. 

2  The  hardware  cannot  then  be  broken  down  into  simple,  reliable  units  which  can  gradually  replace 
existing  units.  At  least  in  the  UK,  the  progressive  Improvement  of  material,  desigi  and  fabrication  of 
one  piece,  polar  wound  cases  (Figure  5)  has  led  to  an  artificially  high  scatter  of  research  results  and 
to  too  much  reliance  on  proof -testing  as  a  means  of  truncating  variability. 

3  Highly-stressed  composites  are  often  sensitive  to  small  defects  in  their  construction.  Specifically 
motor  cases  which  include  wound  ends  are  hitherto  much  more  variable  ti.an  simple  tubes,  which  in  turn 
are  more  variable  than  laboratory  test  specimens.  Integral  ends  also  make  filling  more  difficult. 

4  The  winding  of  elaborate  shapes  is  usually  expensive  both  in  fabrication  time  and  in  capital  for 
machines  and  can  be  used  to  best  effect  only  if  the  structural  shape  is  allowed  first  priority  in  the 
systems  design.  Thus  the  skill  is  in  selecting  designs  containing  a  few  well-chosen  joints. 

The  propellant,  linings  and  structure  must  also  strain  together  and  so  a  practical  limit  is  set  by 
whichever  is  the  least  extensible.  Propellants  and  rubbers  lose  their  extensibility  at  low  temperatures 
and  with  high  loadings  of  fillers.  In  tubes  of  very  thick  wall,  the  hoop  strain  is  largest  on  the  inside 
surface,  and  star-centred  charges  in  particular  experience  a  high  strain  concentration  hoopwise  at  the 
point  of  the  star,  which  may  restrict  the  possible  hoop  strain  in  the  supporting  case  to  1-1. 5$,  and  is 
one  reason  why  glass  is  not  commonly  used  at  high  strains  as  a  reinforcement.  However  this  need  not 
prevent  the  axial  strain  in  a  case  from  being  large,  and  fibreglass  could  be  used  efficiently  here. 
Existing  Kevlar  or  carbon  fibre  reinforced  epoxies  are  unlikely  to  be  used  above  1.5$  strain  in  any 
case. 


If  the  stiffness  of  the  insulating  lining  is  low  enough  (about  0.4  OPa)  then  secondary  (Poisson) 
strain  in  the  insulant,  due  to  the  applied  gas  pressure,  will  accommodate  the  displacement  of  the  case 
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under  pressure.  This  will  not  necessarily  suppress  a  local  fracture  of  the  insulant  completely,  but  the 
risk  of  crack  propagation  or  tearing  is  then  much  less,  as  it  is  if  the  insulant  is  very  firmly  bonded 
to  the  case.  Where  rigid  insulant  moulding  compounds  are  used,  eg  in  blast  tubes,  nozzles  and  expansion 
cones,  there  is  a  high  risk  of  local  fracture  even  at  strain  levels  of  l#,  and  the  best  asbestos-phenolic 
mixes  available  will  not  be  free  of  cracks  above  0.5#  hoop  strain  (4).  Dynamic  burst  measurements  on 
traditional  rigid  insulants  suggest  that  cracks  must  have  occurred  quite  commonly  in  the  past  (Figure  6) 
and  were  probably  not  catastrophic  up  to  crack  openings  of  0.5  mm,  since  in  the  presence  of  asbestos, 
the  cracks  took  a  devious  path  around  the  fibres,  but  increased  charring  and  erosion  could  still  have 
occurred  locally.  Inspection  shows  that  beyond  0.5  mm  opening,  optical  and  thermal  radiation  can  pass 
directly  down  such  a  crack.  Thermal  strains  in  insulants  are  also  large,  due  to  the  radial  thermal 
gradient,  ie  even  allowing  that  charring  softens  the  majority  of  a  lining,  the  dimensional  difference 
due  merely  to  a  250°  rise  is  about  0.5#  for  a  phenolic  compound  and  2#  or  so  for  a  rubber  lining. 

However,  since  the  position  of  the  outside  of  the  lining  is  determined  by  the  supporting  structure, 
these  strains  are  primarily  compressive  and  at  worst  lead  only  to  the  shear  failures  (spalling)  observed 
in  ceramics  and  graphites.  Little  is  known  about  the  defect  tolerance  of  moulding  compounds  in 
compression,  but  structured  mouldings  should  certainly  accommodate  strains  of  this  order. 

With  average  tensile  strain  to  break  figures  around  0.2#,  the  graphites  used  as  thick  sections  to 
resist  erosion  in  chokes  and  sometimes  in  entry  linings  are  very  sensitive  to  mechanical  and  thermal 
strain.  Fortunately  chokes  are  relatively  small  and  any  strain  limitations  reflected  on  supporting 
structure  will  therefore  not  contribute  greatly  to  structure  weight.  A  statistical  approach  to  the 
design  of  these  critical  items  has  been  given  by  Margetson  (5).  The  expansion  coefficient  of  random 
graphite  is  of  course  sufficiently  low  for  it  to  be  pre-stressed  accidentally  into  compression  by 
surrounding  structure  and  insulant  during  cooling  from  a  moulding  or  hot-bonding  cycle.  Table  2 
summarises  the  strain  limits  discussed  and  highlights  the  need  for  erosion-resistant  linings  having  a 
strain  to  break  of  one  or  two  per  cent. 


TABLE  2 

Mechanical  Strain  Limits 


Propellant  strain  axial  5  -  '0#  about  1# 

outer  hoop 

with  star  centre  1  -  1.5# 

Rubbery  Insulants  10#  or  more  0.2#  to  2#,  depending  on  fillers 

Rigid  Insulant  (m/c)  -  wound,  0.5#  -  1#  0. 1#  to  0.4#  " 

see  composite  structure 

Metal  Structure  0.7#  -  1#  at  yield  Steel  0.14# 

Aluminium  0.25# 

Composite  Structure  1#  -  3#  Longitudinal  Carbon*,  -  0.01# 

Kevlar  -0.01#* 

Glass  +0. 05# 

Epoxy  0.3  -  0.7# 

Graphites  0.2#  -  0.4#  0.04# 

♦Transverse  fibre  values  are  high,  0.27#  for  carbon,  0.6#  for  Kevlar,  and  planar  constraint 
from  the  reinforcement  causes  large  thickness  expansion  of  matrix,  up  to  2#  between 
40  -  140°C.  See  reference  12. 


6  COMPOSITE  STRUCTURES 

A  useful  Insight  Into  the  value  of  composite  construction  can  be  obtained  from  comparison  with 
metallic  designs.  A  metallic  pressure  vessel  is  best  made  spherical,  so  that  the  metal  is  used 
efficiently  to  resist  isotropic  tension.  When  a  cylindrical  vessel  is  used,  the  ratio  of  hoop  to  axial 
stress  Increases  to  2:1,  placing  the  metal  at  a  disadvantage  for  this  shape.  If  oriented  fibres  are 
used  to  resist  the  stresses,  however,  the  weight  of  structure  needed  to  produce  a  vessel  of  given 
volume  is  theoretically  the  same,  whether  it  be  cylindrical  or  spherical.  The  structural  weight  per 
unit  of  contained  volume  also  remains  constant,  independent  of  scale  (in  contrast  to  the  weight  of 
thermal  insulation  which  depends  on  surface  area).  However,  the  reduced  axial  tension  due  to  the  large 
choke  bore  needed  in  very  short  bum  motor  also  favours  the  use  of  composites,  since  hoop  to  axial  load 
ratios  can  then  be  as  high  as  4:1,  as  in  tubes  and  certain  launch  tubes. 

If  one  accepts  that  the  strength  va.  on  of  composite  structures  may  be  about  10#  of  the  mean, 
then  allowing  for  scale  effects  and  statistical  risk,  a  design  stress  level  about  half  the  strength 
given  in  Table  3  below  would  need  to  be  adopted.  The  choice  of  this  stress  level  also  confers  some 
tolerance  of  smu.l  holes  and  local  damage  which  is  necessary  in  practice. 


Linear  Expansion  for 
•Q0,J  Temp  Rise 


TABLE  3 


MECHANICAL  PROPERTIES  OF  UNIDIRECTIONAL  COMPOSITES 


Material 

Modulus 

GPa 

Elastic 

Limit 

# 

SO 

Specific 

Modulus 

GPa 

Specific 

Strength 

GPa 

Alloy  Steel 

210 

0.7 

7.8 

26  0) 

0. l8  (1) 

|  Strip  Steel 

210 

1 

7.8 

26  (1) 

0.26  (0.7) 

[  HTS  CFRP 

120 

1  .  1 

1.45 

83  (0.3D 

0.91  (0.2) 

Super  A  CFRP  (1977) 

105 

1.8 

1.45 

7i  (0.37) 

1.27  (0.15) 

Kevlar  RP 

62 

2 

1.3 

48  (0.55) 

0.97  (0.19) 

GRP 

34 

3 

1.8 

19  (1.35) 

0.57  (0.32) 

GRP/Super  A  in  equal 
weights 

76 

1.8 

1.6 

48  (0.55) 

0.86  (0.22) 

(Plastic  Propellant) 

- 

- 

1.6  -  1.8 

Weights  relative  to  steel  are  given  in  parentheses,  assuming  50#  fibre  by  volume  in 
the  composite,  although  60#  can  often  be  attained  in  wound  or  moulded  components. 


The  above  approach  leads  to  a  comparison  with  metal  structures  given  here  in  Table  4  which  lends 
numeracy  to  several  useful  conclusions: 

1  In  principle  the  weight  of  blast  tubes  and  cases  can  be  markedly  reduced  -  more  than  50#  -  leaving 
ample  opportunity  for  use  of  diluents  of  lower  material  cost,  such  as  fibreglass  or  metal  structure. 

2  Careful  attention  to  controlling  variability  will  reduce  both  weight  and  material  cost  further, 
which  is  probably  done  most  easily  in  hoop  winding  operations  and  least  easily  for  wound  ends,  where 
misorientation  and  voidage  together  are  difficult  to  eliminate. 

3  Comparing  possible  diluents,  fibreglass  is  unsuitable  for  use  in  stiffness-limited  designs,  where 
steel  or  light  alloy  would  be  a  better  choice,  unless  it  is  also  to  function  as  an  insulant. 

GRP  should  therefore  be  allowed  to  strain  freely,  but  unless  variability  is  reduced,  it  cannot 
compete  where  a  metal  could  be  used  to  take  equiaxial  stress.  The  weight  difference  is  however  small 
enough  for  other  factors,  such  as  ease  of  fabrication,  to  settle  the  issue.  Theoretically,  a  hoop-wound 
GRP  insulant  could  also  be  extended  to  shed  some  20#  of  the  weight  of  a  metal  case. 


TABLE  4 

RELATIVE  MINIMUM  WEIGHTS  OF  STRUCTURAL  COMPONENTS,  (Steel  -  1  ) 
ASSUMING  DESIGN  MAKES  FULL  AND  PROPER  USE  OF  MATERIAL 


Assumptions 

Blast  Tube 

Old  Plate 

Cylindrical  Case 

Dominant  stress 

Hoop 

Bi axi al  1:1 
approx 

Biaxial  2: 1 

Designs  limited  by  stiffness 
(up  to  0.5#  strain) 

0.31  (HTS) 

0.62  (HTS) 

0.46  (HTS) 

Limited  to  50#  of  average 
strength  by  variability  etc 

0.3  (K/SA) 
0.58  (G) 

0.6  (K/SA) 
1.16  (G) 

0.45  (K/SA) 

0.87  (G) 

Hypothetical  case,  limited 
only  by  average  strength 

0.15  (K/SA) 
0.3  (0) 

0.3  (K/SA) 
0.6  (G) 

0.22  (K/SA) 

0.45  (G) 

Fibre  type  in  parentheses 

ie  G  -  Glass,  K  -  Kevlar  49,  SA  -  Grafil  Super  A,  HTS  -  Grafil  HTS 


6.1  A  Combined  Composite-Metallic  Structure 

Maximum  hoop  overwinding  of  metal  tubes  is  the  fabrication  technique  likely  to  yield  most  easily 
to  close  control  in  production  and  one  which  can  utilise  advances  in  composites  and  metal  structure 
alike  (eg  flow-forming).  Kevlar  overwrapped  pressure  vessels  have  been  introduced  in  the  USA  (6) 
and  work  by  AERE  Harwell  shows  that  very  consistent  CFRP  hoops  can  be  wound  (7),  in  this  case  of 
HTS-MY750  carbon  epoxy.  It  also  has  the  advantage  for  motor  tubes  of  providing  lightness  but  with 
fewer  attachment  problems,  and  lower  material  cost,  see  Table  5.  In  this  Table,  it  is  assumed  that 
the  best  available  metal  structure  is  used  to  carry  equal  stress  in  the  axial  and  hoop  directions, 
but  supplemented  by  an  overwind  to  carry  the  remaining  hoop  stress.  The  hoop  stress  is  taken  to  be 
only  twice  the  axial  stress  in  this  example. 


TABLE  5 


WEIGHT  BREAKDOWN  OF  POSSIBLE  EQUIVALENT  MOTOR  TUBE  CONSTRUCTIONS 


Case  Materials 

Present 

Long  Term 

Wei  gilt 
of  Tube  | 

_ 1 

Wt  of 

1  Composite 
Used 

( _ 

Weight 
of  Tube 

Wt  of 
Compos 1 te 

Used 

All  metal  case 

1.0 

None 

0.8 

None 

GRP  -  metal 

0.8 

0.3 

0.7 

0,3 

(higher  strains  1 

of  no 

use ) 

Super  A  or  Kevlar  -  metal 

0.65 

0. 15 

0.5 

0.  10 

Best  all-composite  case 

0.45 

0.45 

0.3 

0.3 

Thus  when  the  cost  of  the  reinforcement  Is  the  most  critical  part  of  the  production  cost,  and  the 
additional  overwinding  operation  can  be  Justified  to  save  weight,  this  approach  is  the  most  promising. 

It  becomes  difficult  to  justify  an  all-composite  case  purely  on  weight-saving  grounds,  and  the 
consumption  of  fibre  is  three  times  larger.  Because  of  the  thin  gauges  of  steel  required,  high  strength 
aluminium  alloy  would  be  a  better  choice  for  overwinding.  Selection  of  a  hot-curing  resin  would  lead  to 
detachment  of  the  overwind,  or  unnecessary  tensile  stress  in  the  alloy  on  cooling.  This  would  need  to 
be  rectified  by  inflating  the  metal  lining  out  to  size  it  and  leave  it  in  compression,  a  form  of  proof¬ 
testing.  Given  sufficient  consistency  from  the  overwind,  this  treatment  would  also  permit  less  overwind 
to  be  used. 

6.2  All-Composite  Cases 

Accepting  that  GRP  motor  cases  have  been  produced  economically,  then  complete  composite  cases  might 
be  preferred  to  overwinding  if  fabrication  costs  were  more  important  than  fibre  cost  and  attachment 
problems.  Certainly  it  is  desirable  to  exploit  helical  winding  if  one  is  to  reduce  the  weight  of  a 
cylindrical  pressure  vessel  below  half  the  equivalent  metal  structure,  to  levels  around  a  third,  but 
with  existing  fibres  this  would  involve  hoop  strains  of  '  .5#,  normally  regarded  as  excessive  for  the 
propellant.  This  level  would  be  reached  by  eliminating  all  but  the  "inherent"  variability  of  strength, 
ie  misorientation  and  voidage  occurring  together  can  introduce  very  large  errors,  but  the  coefficient  of 
variation  of  fully  dense  composite  laminates  is  only  about  5#.  Some  2#  of  this  is  related  to  similar 
variations  in  stiffness,  due  to  residual  errors  of  fibre  mass/unit  area  and  of  orientation.  The 
alternative  strategy,  to  leave  component  variability  as  it  stands  but  to  await  further  costly  improve¬ 
ments  in  fibres,  is  even  less  likely  to  be  fruitful.  The  specific  stiffnesses  of  both  Kevlar  and  carbon 
fibres  are  only  about  a  factor  of  two  below  the  theoretical  limits  for  the  molecular  structures  which 
they  contain  (8). 

It  is  not  efficient  to  operate  glass  fibre  at  only  1#  strain  -  an  all-glass  case  at  this  strain 
level  would  weigh  1.3  times  a  metal  structure,  whereas  at  1.5#  strain  it  is  only  0.87  of  metal.  Thus 
the  use  of  glass  as  a  simple  diluent  in  parallel  with  other  fibres  will  only  be  successful  with  very 
carefully-made  cylinders  of  small  variability.  However,  with  existing  variability,  one  third  of  the 
reinforcement  introduced  as  glass  parallel  to  the  axis  would  lead  to  a  weight  of  0.6  metal  instead  of 
the  0.45  for  100#  of  expensive  reinforcement,  if  this  step  were  Justified  by  the  extra  complexity. 

Unless  a  weight  penalty  is  accepted,  some  hoop-wound  fibre  has  also  to  be  introduced  on  a  simple 
composite  tube  to  correct  the  strength  after  fibre  orientations  are  adjusted  to  resist  bending.  In  most 
motors,  the  resulting  deflection  will  have  two  components,  that  due  to  pure  bending,  for  which  axial 
fibres  are  needed,  and  that  due  to  shear  where  ideally  45°  orientation  is  needed.  In  practice  the 
presence  of  a  third  fibre  direction  (tri angulation)  decreases  the  precision  with- which  fibre  orientations 
must  be  maintained.  However,  if  great  precision  is  available,  then  the  possibility  also  exists  of 
changing  orientation  under  stress,  provided  only  two  directions  are  used.  This  effect  is  commonly 
observed  when  pressurising  steel-braided  rubber  or  plastic  tubes,  and  could  enable  radial  dilation  to  be 
replaced  by  zero  dilation  or  indeed  radial  contraction.  We  also  note  that  hoop  overwound  metal  tubes 
will  In  general  be  less  stiff  than  their  metal  counterparts,  but  continue  to  resist  both  shear  and  pure 
bending. 

6.3  Composite  End  Plates  and  Closures 

Reinforced  plastics  can  in  principle  be  shaped  easily  to  form  components  such  as  these  (9),  although 
the  use  of  systematically  reinforced  thermoplastics  for  the  purpose  has  hitherto  been  neglected.  This 
is  surprising  since  they  promise  the  most  rapid  fabrication  of  efficient  structure.  Whore  the  weight  and 
volume  of  such  ends  are  of  secondary  importance,  simple  moulding  compounds  have  of  course  been  used  for 
closures  worked  largely  in  compression  or  shear.  Integral  end  plates  incorporating  closure,  nozzle  and 
expansion  cone  such  as  that  illustrated  in  Figure  7  have  saved  weight  not  because  the  structural  design 
In  CFRP  was  particularly  efficient,  but  largely  because  the  number  of  Joints  was  reduced.  We  have 
already  noted  that  the  proportion  of  weight  saved  by  using  composites  for  structures  stressed  in  biaxial 
tension  is  smaller  than  elsewhere,  and  at  high  motor  pressures  it  may  not  even  be  possible  to  maintain 
the  simple  membrane  stress  conditions  In  tension  which  are  assumed.  The  desiiqt  of  Joints  which  are 
strengthened  rather  than  weakened  by  gas  pressure  also  appears  to  have  been  1  gnored .  Thus  a  good  deal 
remains  to  be  done  In  this  area,  at  least  for  low  aspect  ratio  motors,  although  conservatively  stressed, 
but  easily  moulded  parts  can  be  Introduced  elsewhere. 


7  PROGRESS  IN  KHOSIv)N  HKS I  STANCE 


We  arc  able  nowadays  to  provide  any  required  level  of  resistance  to  erosion  by  appropriate  dilution 
of  the  already  high  resistance  of  carbon  and  graphite,  aided  where  necessary  by  surface  coatings. 
Fortunately,  the  weight  of  tile  choke  region  in  which  erosion  is  most  severe  is  not  very  critical,  but 
control  of  magnitude  and  direction  of  thrust  is  then  more  important.  Those  regions  of  larger  diameter, 
however,  require  more  extensible  linings  it  structural  weight  is  not  to  become  excessive,  and  thus  it  is 
the  means  by  which  erosion  resistance  is  traded  off  which  needs  to  be  studied. 

In  the  area  of  so-called  rigid  Insulants  we  haw  already  perhaps  doubled  the  design  strain  of 
asbesto8-phenollos,  and  also  produced  lighter  moulding  compounds  of  equivalent  insulating  value  but 
higher  erosion  resistance.  Similarly  castable  rubber  lnsulants  having  the  thermal  performance  of  the 
more  intractable  milled  rubbers  have  also  been  introduced.  They  all  contain  fibres  and  they  all  form 
chars,  but  our  understanding  of  their  erosion  mechanisms  is  rather  poor.  Resistance  to  surface  shearing 
?md  to  chemical  attack  can  in  principle  be  reduced  with  increasing  gas  cross-section  within  a  motor, 
because  of  reduced  gas  velocity  and  increased  boundary  layer  thickness. 

Droplet  erosion,  like  rain  erosion,  will  depend  critically  on  the  kinetic  energy  of  the  droplets, 
which  controls  the  stagnation  pressure  ot  impact  and  is  resisted  by  the  work  of  fracture  of  the  attacked 
material.  'Die  evidence  is  that  it  is  volume  porosity  rather  than  Internal  surface  area  will oh  limits  the 
erosion  resistance  of  commercial  graphites.  This  suggests  that  what  chemical  attack  there  may  bo  is 
quite  superficial,  but  probably  selective,  leading  to  the  undercutting  and  removal  of  the  more  Inert 
particles  which  could  therefore  Just  as  w.  11  have  been  attacked  initially.  Well-embedded  fibres  can 
resist  this  type  of  attack  but  will  eventually  be  released  by  charring  and  attack  on  the  matrix.  Thus 
for  short-burn  motors  discharging  at  high  pressure,  a  polymeric  matrix  should  be  adequate,  whereas  in  a 
long-bum  motor,  although  more  stagnant  conditions  might  well  occur  within  the  fibres,  they  could 
suddenly  be  released  by  mechanical  action  on  their  increasingly  exposed  length.  This  argument  favours 
the  use  of  a  coarse  fibre  with  a  matrix  which  has  the  same  order  of  resistance  to  attack,  although 
neither  needs  to  be  fully  dense.  Decisions  of  this  type  in  turn  influence  the  ease  with  which  composite 
end  plates  can  be  made. 

8  CHARRING  AND  PRE- CHARRING 

Mathematical  models  of  ablation  have  Iven  largely  confined  to  attempts  to  describe  accurately  what 
already  exists  (*d,n>  and  perhaps  cruder  physical  models  offer  more  insight  into  what  improvements  can 
be  made.  In  a  simple  solid  suddenly  heated  on  one  face,  the  time  taken  for  a  giver,  depth  to  rise  to  a 
given  temperature  Increases  with  the  square  of  the  depth,  and  depends  on  a,  the  thermal  diffusivity  of 
the  solid,  which  Is  the  ratio  of  its  thermal  conductivity  to  its  specific  heat  per  unit  volume,  ie 

d  »  (a  I») *■  where  a  ~~ 
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latter  process  requires  latent  as  well  as  specific  heat  and  so  attempts  to  minimise  depth  of  charring 
have  focused  both  on  increasing  t He*  energy  of  decomposition  or  evaporation  and  on  lowering  the  heat 
....  throu  the  oha  .  the  pi  try  decomposition  t  •  f  th< 
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Stefan's  law  indicates  that  its  surface  temperature  must  approach  the  flame  temperature  closely  f  It 
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cooler  and  the  energy  is  merely  absorbed  in  the  insulant  would  lead  to  total  decomposition  of  the 
Insulant,  at  a  rate  many  tines  faster  than  is  In  fact  deserved. 

It  is  therefore  suggested  that  there  will  be  little  useful  effect  t  sum  cooling  of  the  surface  out 

its  1  •  '  '  .  '  .  kj  .V  Ippi  v  :  '  ' 
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and  that  of  the  decomposl  tl  on  products  flowing  through  '.  n.  itt.s  w  <  '  •  f  •  *  ■  •  •  . 

Ivydrogen  is  an  excellent  choice,  hut  low  for  he.av>  ,  cu .  ■  •  t  ,  i  t  .» 

complications  include  for  example,  endotherrol c  ;  u«t  bet  . .  •  .  ■  w-r. 
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time  tp,  which  requires  an  Insulant  thickness  Illustrated  by  say  point  P  on  Figure  8.  For  simplicity  let 
that  thickness  !*»  unity.  Then  if  a  fraction  p  of  that  thickness  Is  precharred,  this  would  normally  occur 
In  n  time  t,.  However,  the  negligible  specific  heat  In  the  char  means  that  when  a  precharred  lnaulant  Is 
fired  from  cold,  an  extra  time  equal  to  t  must  be  provided  at  the  end  of  a  bum  and  this  requires  a 
maximum  additional  thickness  of  insulant  Gt,  where  (1  Is  the  slope  of  the  tangent  TT  at  P,  the 
Instantaneous  charring  rate,  at  time  t.  Tin*  total  weight  of  this  partially  precharred  assembly, 
relative  to  the  original  Insulant  is  therefore 


W  -  pH  ♦  (1  -  p)  ♦  at 


where  H  Is  the  ratio  charred  uncharred  density,  assuming  unidirectional  heat  flow.  For  success,  this 
expression  is  less  than  unity,  le  p( 1  -  R)  -  Gt  Is  positive  and  passes  through  some  stationary  value  at 
minimum  weight,  when 


dW  dt 

dp  "  dp 


(1  -  R) 


0 


Therefore  the  safe  prechar  depth  Is  given  by  the  value  of  p  at  which  the  charring  rate  Is  — —  times 

dt  1  -  R 

greater  than  that  at  P.  Where  precharring  Is  desirable  for  other  reasons,  such  as  dimensional  stability 
or  proof-testing.  It  Is  Interesting  to  note  the  breakeven  point  W  •  ?  is  given  by  the  value  of  p  at  the 
intersection  of  the  secant  from  the  origin,  parallel  to  this  tangent,  A  corollary  Is  that  an  artificial 
char  should  improve  the  weight  efficiency  of  an  Insulant. 


The  polymer  decomposition  temperature  is  usually  higher  than  the  maximum  structural  service 
temperature,  so  If  the  charring  depth  mid  burn  time  are  known,  one  would  ideally  like  to  minimise  the 
sum  of  material  eroded,  material  charred  and  material  needed  as  simple,  solid  Insulation.  The  critical 
value  of  total  thickness  Is  best  illustrated  by  projecting  back  from  P  in  Figure  8  for  example,  a 
thickness  allowance  for  constant  heat  diffusion  with  the  differing  transmission  times  available  prior  to 
completion  of  bum.  Iliis  Is  shown  as  the  dashed  line  from  P  and  Illustrates  a  maximum  thickness 
required.  Conceptually,  for  times  less  than  that  of  this  maximum,  charring  largely  overtakes  normal 
diffusion,  but  for  longer  times  the  diffusing  heat  reaches  the  structure  after  bum  is  completed,  when 
gas  pressure  is  negligible. 

9  CONCLUSIONS 

1  There  is  a  good  deal  of  experience  in  the  design  and  construction  of  GRP  motor  cases,  dating  In  the 
UK  from  about  1952  (Figure  *>).  Composite  materials  research  in  the  1960' s  led  in  the  ’970* 8  to  the 
manufacture  of  certain  cases  made  of  carbon  or  Kevlar-epoxy .  These  have  proved  both  lighter  and  cheaper 
than  the  best  managing  steel  ones.  However,  because  the  material  and  structure  are  formed  at  the  same 
time,  too  few  cases  have  been  made  and  assessed  in  these  more  advanced  forms  of  construction  to  establish 
full  design  confidence.  This  Is  best  done  on  small  motors  which  are  simple  but  realistic,  .and  most 
directly  rewarding  when  applied  to  high  aspect  ratio  motors  having  short  bum  times. 

When  the  behaviour  of  eroding,  charring  and  insulating  linings  Is  analysed,  there  is  potential  for 
further  research  to  reduce  the  weight  and  thickness  of  these  items,  notably  on  erosion-resistant  linings 
of  adequate  strain  capability  and  consistent  thermal  behaviour.  Insufficient  use  is  made  of  existing 
developments  and  this  Is  partly  related  to  the  high  cost  of  necessary  firings  and  consequent  lack  of 
experience  as  well  as  the  cost  of  Introducing  or  modifying  specifications.  Clear  agreement  between 
designers  about  what  constitutes  a  significant  materials  Improvement  is  needed  at  this  stage. 

'  The  choice  of  composite  materials  and  designs  for  integral  moulded  end  plates,  which  also  save 
weight,  is  much  Influenced  by  both  1  and  above.  Tills  choice  will  vary  greatly  with  the  type  of  motor, 
ranging  from  thermoplastics  to  carbon  reinforced  cjtrtxm.  The  t'on ?>  of  material  adopted  will  similarly 
influence  the  design  of  efficient  pressure  Joints  and  here  again  there  is  a  need  to  establish  more 
confidence. 

*  It  is  concluded  therefor*  that  In  spite  of  the  need  to  improve  performance  of  solid  propellant 
motors,  we  are  not  making  full  use  of  available  materials  or  knowledge  in  the  hardware.  When  the  various 
Items  of  hardware  are  considered.  It  would  bo  realistic  to  treat  reduction  in  weight  as  an  attainable 
objective  through  use  of  composites,  although  there  may  be  more  efficient  ways  of  interpreting  such  a 
change  during  the  design  of  a  complete  system. 
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Fig  3  Combining  erosion  and  Insulation 
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PREDICTION  Oil  COMPORTEMENT 
DES  MATER  I AUX  PHENOLIQUES  ABLATIFS 

PROGRES  RECENT S 

Claude  BONNET  -  SOCIETE  EUROPEENNE  DE  PROPULSION  -  33160  ST-MEDARD-EN-J ALLES 
m  INTRODUCTION  - 


Durant  la  derniyre  d6cennie,  les  metaux  rb fractal  res  et  les  graphites  qui  equipaient  les  tuyeres 
des  propul seurs  b  poudre  ont  yte  progressi vement  remplaces  par  des  materiaux  composites  ablatifs. 

Ces  derniers  ytalent  essentiel lement  composes  de  renforts  refractaires  (carbone,  si  I  ice,  amiante) 
et  d'une  r4sine  se  dycomposant  sous  I'effet  de  la  temperature  tout  en  laissant  an  residu  important 
de  carbone.  Cette  technique  a  permis  d'aliyger  de  fagon  considerable  les  tuyeres  et  de  pal  I ier  en 
grande  partie  la  mauvaise  resistance  au  choc  thermique  des  graphites.  Par  contre,  il  a  ety  pendant 
longtemps  trfts  difficile  sinon  impossible  de  prevoir  le  comportement  en  tir  de  ces  tuyeres  pour 
les  raisons  suivantes  : 

1°)  Les  matyriaux,  et  les  pieces  fabriqu^es  avec  ces  matyriaux,  n'etaient  pas  reproduct ib les  du 
fait  de  la  nouveauty  des  techniques  utilisees  et  de  la  sensibility  a  I 'envi ronnement  des  ma¬ 
tures  premieres. 

2°)  On  ne  disposalt  pas  de  methodes  d'analyse  suffisamment  performantes  pour  pr6voir  le  comporte¬ 
ment  thermostructura I  des  pidces  de  tuyyre. 

3°)  Les  caractyristiques  de  ces  matyriaux  aux  temperatures  d’ut i I i sat  ion  (2500  -  3000°C)  n'ytaient 
pas  connues. 

Les  annyes  70  ont  permis  de  ryaliser  des  progrys  importants  dans  I 'ut i I i sat  ion  de  ces  matyriaux  et 
les  I Ignes  qui  suivent  vont  montrer  les  efforts  accomplis  pour  : 

-  amSl iorer  les  mythodes  de  fabrication  des  matyriaux  composites  ablatifs  et  des  pieces  et  leur 
assurer  une  meilleure  reproduct ibi I ity. 

-  mettre  au  point  de  nouvelles  mythodes  d'analyse  et  des  programmes  de  calcul  permettant  de  predire 
avec  une  bonne  prycision  le  comportement  mycanique  et  thermique  des  piyces  de  tuyyre  en  tir. 

-  caractyriser  ces  matyriaux  aux  temperatures  d’uti I isaiion  c'est-a-dire  entre  I'ambiante  et  2500°C. 


m  AMELIORATION  DES  METHODES  DE  FABRICATION  DES  COMPOSITES  ABLATIFS  - 


2.1.  -  Description  des  materiaux  :  • 

La  ryalisation  de  tuydres  de  propulseurs  5  poudre  necessite  I ' ut i I i sat i on  de  deux  types  de 
matyriaux  : 

-  au  contact  des  gaz  de  poudre,  un  matyriau  conducteur  de  la  chaleur  permettant  de  transfy- 
rer  une  partie  de  I'ynergie  calorlfique, 

-  derriyre  le  matyriau  conducteur,  un  matyriau  isolant  absorbant  les  calories  transfyrees  et 
protygeant  ainsi  les  parties  structurales  de  la  tuyfere. 

Les  premiers  matyriaux  utilisys  furent  des  metaux  ryfractaires  (tungstyne  par  exemple)  et 
du  graphite.  Mais  I  Is  prbsentaient  deux  inconvyn i ents  majeurs  ;  les  uns  sont  tres  denses 
et  alourdissent  cons idyrab lement  les  tuyyres  ce  qui  diminue  les  performances  des  engins  ; 
le  graphite,  quant  b  lui,  rysiste  mal  au  choc  thermique  et  ses  proprietys  mecaniques  s'ef- 
fondrent  au-delJ  de  2000°C.  Des  ytudes  montryrent  alors  qu'll  ytait  possible  d'utiliser 
b  leur  place  des  matyriaux  ablatifs  c'est-S-dire  des  materiaux  se  consommant  sous  I 'action 
conjuguye  de  I'yrosion  mecanique  et  de  la  chaleur.  En  effet  I'ynergie  necessaire  a  ychauf- 
fer  puis  pyrolyser  le  matyriau  ajout4e  b  I'energie  de  r4action  a  la  paroi  permet  d'yvacuer 
une  partie  importante  des  calories  (I).  Encore  faut-i I  que  le  r4sidu  de  ces  reactions  soit 
suffisamment  important  et  suffisamment  sol ide  pour  que  I'intygrity  de  la  tuyyre  soit  assu¬ 
me  jusqu'y  la  fin  du  tir.  Ce  sont  ces  considerations  qui  ont  conduit  a  ('utilisation  de 
matyriaux  composites  c'est-a-dire  de  materiaux  constituys  d'un  renfort  et  d'une  matrice. 

Le  renfort  est  en  gynyral  une  fibre  ryfractaire  dont  le  choix  depend  de  la  conduct ibi I ity 
recherchye.  Pour  yn  matyriau  de  veine,  au  contact  des  gaz,  et  qui  dolt  etre  conducteur  on 
utilise  une  fibre  de  carbone  plus  ou  moins  graphitye.  Pour  un  matyriau  isolant  on  utilise 
une  fibre  de  si  I  ice  ou  d'amiante.  Dans  tous  les  cas  le  renfort  peut  se  prysenter  sous  plu- 
sieurs  formes  :  fibre  coupee,  tissu,  mat,  tricot.  Le  choix  depend  des  caracterlstiques  m4- 
caniques  recherchyes.  La  matrice  se  doit  de  possyder  un  taux  de  carbone  aussi  yiev4  que 
possible  de  faqon  b  deposer  sur  le  renfort  lors  de  la  pyrolyse  un  coke  sol ide.  Pour  ce  faire, 
une  rb sine  phynol ique  est  en  gynyral  recommandye  -  Renfort  et  matrice  sont  associys  lors  de 
I'opyration  d' imprygnation  et  c'est  I'imprygny  obtenu  qui  est  ensuite  mis  en  forme  et  subit 
les  opyrations  de  "culsson"  au  cours  desquelles  la  resine  durclt  sous  I'effet  de  la  tempera¬ 
ture  et  de  la,  press  i.on.  Outre  les  caractbr  ist  ique  -  intrinsyques  de  chaque  composant,  ces  dif- 
fyrentes  opyrations  dyilcates  et  sensibles  b  I 'envi ronnement ,  conditionnent  les  caracteris- 
tiques  du  matyriau  final  et  par  consequent  son  comportement  en  tir. 
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Dans  la  suite  de  ce  document  nous  avons  retenu  de  d6crire  les  trois  materiaux  qui  sont  les 
plus  utilises  dans  les  tuyeres.  Tous  trois  utllisent  la  merae  r6 sine  phdnolique  mais  diffe¬ 
rent  par  la  nature  du  renfort  (tissu  de  carbone,  de  graphite  ou  de  si  I  ice)  et  bien  entendu 
par  la  composition. 

2.2.  -  Caracteristiques  des  matures  premieres  : 

2.2.1.  -  Ren  forts  : 


Si  I 'on  a  choisi  d'utlllser  essent lei lement  un  renfort  sous  forme  de  tissu  c'est 
parce  que  ce  dernier  apporte  au  materiau  une  meilleure  tenue  m6caniqup  avant  et 
apres  pyrolyse  de  la  resine.  II  offre  en  outre  la  possibillte  d'orienter  les  fibres 
par  rapport  aux  sol  I icltations  thermiques  ou  mecaniques  dans  la  tuy6re  ce  que  ne 
permettent  pas  les  fibres  coupees  ou  les  mats.  C'est  egalement  pour  cette  raison 
que  I 'on  a  adopte  un  tissage  satin  plus  deformable  qu'un  tissage  toile.  Le  tissu 
de  carbone  utilise  resulte  de  la  pyrolyse  en  atmosphere  neutre  d'un  tissu  de  rayon- 
ne.  Cette  operation  de  carbonisation  est  delicate  et  la  principale  amelioration 
recemment  apportee  a  consiste  b  I'effectuer  en  continu  pour  remplacer  la  carbonisa¬ 
tion  statique  qui  entrafnait  des  differences  de  proprietes  d'un  lot  b  I 'autre  et  b 
I'interieur  d'un  meme  rouleau.  On  a  ainsi  amei iore  la  reproduct i bi I i te  du  materiau. 

Le  tissu  de  graphite  resulte  d'un  traitement  b  haute  temperature  (environ  2500°C)  du 
tissu  de  carbone  ci-dessus.  Ce  traitement  entraTne  une  modification  de  la  structure 
atomique  du  carbone  et  par  suite  une  augmentation  de  la  conduct ibi I ite  des  fibres 
constituant  le  tissu.  On  trouvera  dans  le  tableau  de  la  figure  1  les  valeurs  moyen- 
nes  des  principales  caracteristiques  de  ces  tissus. 


Caracteri  st  iques 

T i ssu  de  Carbone 

T  i  ssu  de  Graph i te 

Masse  specifique 

g/cm3 

1.05  -  1,95 

1,45  -  1,50 

Resistance  traction  chafne 

4-5 

9-11 

frame 

3-4 

9-11 

Poids  au  m 

9/m2 

280  -  290 

250  -  270 

Nombre  de  mailles/cm  chafne 

20 

21 

trame 

20 

20 

Taux  de  reprise  d*humidit6 

< 

4-6 

0,2 

Taux  de  carbone 

* 

96  -  98 

>99 

Taux  de  cendre 

* 

0.2 

<0.1 

Surface  specifique 

2, 

m  /g 

50  -  100 

1.3 

R6si st i vi te 

s\. 

0,6  -  0,7 

0,4  -  0,5 

Figure  1  :  Caracteristiques  moyennes  des  tissus  de  carbone  et  de  graphite 
utilises  dans  les  materiaux  ablatifs. 

Ces  deux  tissus  sont  utilises  pour  fabriquer  des  materiaux  de  veine  conducteurs. 
Pour  le  materiau  isolant  on  utilise  plus  volontiers  un  tissu  de  si  I  ice  obtenu  par 
traitement  chimique  puis  thermlque  d'un  tissu  de  verre.  Les  caracteristiques  moyen¬ 
nes  de  ce  tissu  sont  rassembiees  dans  le  tableau  de  la  figure  2. 


Caracteri st iques 

Valeurs  moyennes 

Masse  specifique 

g/cm3 

2,25 

Resistance  traction  chafne 

daN/cm 

10-11 

trame 

10  -  11 

2 

Polds  au  m 

g/m2 

650  -  750 

Nombre  de  mailles/cm  chafne 

17  -  18 

trame 

14  -  15 

Taux  de  si  1  ice 

* 

m  99 

Taux  de  reprise  d' humid ite 

* 

o 

ui 

i 

VJ1 

Surface  specifique 

2, 

m  /g 

<v  70 

Figure  2  :  Caracteristiques  moyennes  du  tissu  de  si  I  ice 
utilise  dans  les  materiaux  isolants. 


Ces  tissus  possddent  une  bonne  aptitude  b  ('impregnation  par  les  resines  phenoliques 
sans  traitement  supplemental  re. 


i  m ii  . . . .  . . , 
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2.2.2.  -  Resine  : 


La  recherche  d'une  r^sine  b  faux  de  coke  el evb  a  conduit  b  developper  une  resine 
phenolique  sp4ciale  pour  applications  ablatives.  II  ytait  ygalement  n6cessaire  de 
prendre  en  compte  les  contraintes  li^es  b  I '4 1 aborat ion  du  materiau  impr£gne  (vis¬ 
cosity)  et  b  sa  mise  en  onuvre  (temps  de  gel)  ce  qui  a  conduit  aux  caract£ri st iques 
du  tableau  de  la  figure  3. 


Caracteri st i ques 

Valeurs  moyennes 

Masse  vol  urn  ique  h  20°C  g/err/ 

1,18  -  1,19 

Viscosity  a  20°C  mpl 

630 

Temps  de  gel  S  150°C  s 

120  -  130 

b  180°C  s 

20  -  25 

pH 

7,5  -  7,6 

Taux  de  coke  i 

60-63 

Figure  3  :  Caracter i st i ques  moyennes  de  la  resine 
ph£nol ique  utilisee  dans  les  materiaux  ablatifs  et  isolants. 

2.3.  -  Fabrication  des  preimpregnys  : 

L'opyration  d' impregnat ion  qui  permet  d'associer  renfort  et  resine  est  une  opyration  importan- 
te  et  delicate  car  c'est  elle  qui  permet  de  determiner  le  taux  de  resine  et  son  degry  de  po¬ 
lymerisation,  essentiels  pour  la  mise  en  oeuvre  du  preimpregne  et  les  caractyrist iques  du 
materiau  final.  Elle  necessite  un  controle  soigne  des  paramdtres  d' impregnation  dont  les 
principaux  sont  : 

-  la  dilution  du  bain  de  resine, 

-  I 'ecartement  des  rouleaux  permettant  d'eliminer  I 'exces  de  resine  deposee  sur  le  tissu, 

-  les  conditions  de  sechage  :  temperature  du  tunnel,  vitesse  de  defilement  du  tissu  imprygny 
dans  le  tunnel. 

A  la  sortie  de  la  machine  les  caracteristiques  de  I'impregne  sont  controlees  et  les  valeurs 
moyennes  obtenues  sont  celles  du  tableau  de  la  figure  4. 


Caractyrist iques 

Carbone 
phenol ique 

Graphite 
phenol ique 

S i 1 i ce 
phenol ique 

Taux  de  resine  % 

35  -  40 

34  -  39 

29  -  32 

Taux  de  volati les  % 

3-6 

3  -  5,5 

2-4 

Indice  de  f 1 ui dite  % 

4-9 

4-8 

5-8 

Indice  Infra-rouge 

0,63  -  0,73 

0,58  -  0,70 

0,65  -  0,90 

Figure  4  :  Caracteristiques  moyennes  des  imprygnys  phynol iques 
pour  materiaux  ablatifs  et  isolants. 

Comme  nous  I 'avons  dejS  indique  ces  proprietes  sont  tres  sensibles  b  I 'envl ronnement,  la  resi- 
ne  se  trouvant  alors  dans  un  etat  de  "semi  polymerisation"  assez  instable. 

Temperature  et  humidity  peuvent  faire  varier  de  fagon  sensible  en  particulier  la  fluidity  ce 
qui  entraTnera  des  hetyrogene ites  dans  le  matyriau  final.  II  est  done  prescrit  de  Stocker 
ces  imprygnes  b  basse  temperature  et  dans  des  emballages  ytanches  jusqu'a  leur  utilisation 
qui  sera,  elle  aussi,  soigneusement  ryglementee.  Dans  ces  conditions  la  durye  de  vie  des  im¬ 
prygnys  est  de  plusieurs  mois. 

2.4.  -  Fabrication  des  piyces  (2)  : 

Compte  tenu  de  la  sensibility,  ci-dessus  mentionnee,  des  impregnys  aux  conditions  ambi antes, 
ils  sont  en  gyneral  mis  en  oeuvre  dans  des  ateliers  a  atmosphere  controlee.  Les  deux  prin- 
clpales  techniques  utilisees  pour  fabriquer  les  pieces  des  tuyeres  des  propulseurs  a  poudre 
sont  : 

-  le  moulage  b  la  presse  de  strates  ou  petits  carreaux, 

-  le  bob  inage  de  ruban. 


* 
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Le  deroulement  des  operations  est  schematise  figure  5. 


D6coupe 

impregne 


Chargement  moule 


Bob  inage  ruban 


polymerisation  sous  presse. 


polymerisation  b  I *hydroc I ave. 


F igure  5  :  Schema  de  realisation  de  pieces  de  tuyeres  en  materiau  composite  ablatlf. 

Difterents  types  de  strates  et  de  rubans  sont  utilises  en  fonction  du  type  de  piece  b 
fabriquer.  Pour  effectuer  la  decoupe,  des  techniques  manuel les  s*av6rent  encore  souvent 
les  plus  efficaces  compte  tenu  du  soin  b  apporter  b  la  manipulation  de  I* impregne. 


Dans  le  moulage  e  la  presse,  le  mat6riau  est  mis  en  forme  et  polymerise  en  une  seule  opera¬ 
tion  de  thermocompression.  Les  parametres  de  moulage  sont  determines  par  les  caracter i st i - 
quos  de  fluage,  et  lfepalsseur  de  la  piece  comme  indique  figure  6. 


Figure  6  :  Cboix  du  cycle  de  polymerisation  d*une  ebauche  mouiee. 


Par  cette  technique  on  realise  des  pieces  de  differentes  configurations  pouvant  atteindre 
une  epaisseur  de  \00  mm  et  un  poids  de  30  kg  (figure  7).  On  verifie  la  qualite  des  pieces 
en  mesurant  leur  densite  et  par  un  examen  aux  rayons  X  montrant  I *orientat ion  du  renfort 
et  les  d£fauts  eventuels. 


PIECES  MOULEES 


CoMfonn*  «n  rotttt* 


Figure  7  :  Quelques  configurations  de  pieces  mouiees. 


La  technique  du  bob  inage  est  plus  delicate  et  demande  un  impregne  dont  les  caracter istiques 
sont  tr6s  constantes.  Elle  permet,  par  contre,  d*orienter  le  ruban  d* impregne  dans  des  di¬ 
rections  variables  par  rapport  b  I faxe  de  la  piece  done  par  rapport  au  jet  de  gaz  du  propul- 
seur  dfou  une  meilleure  adaptation  aux  sol  I ic i tat  ions. 


La  realisation  d*une  piece  boblnee  s’effectue  en  deux  etapes  : 


-  Obtention  d*une  ebauche  compacte  par  enroulemont  de  ruban  de  tissu  sur  un  mandrin. 


-  Pol ymer i sat (on  isostatique  de  la  piece  en  hydroclave. 

La  premiere  operation  s’effectue  sur  un  tour  b  bobiner,  les  principaux  parametres  etant 


-  temperature  de  chauffage  de  la  r£sine, 

-  tension  du  ruban. 
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-  pression  du  galet  de  compacfage, 

-  temperature  de  ref roidi ssement. 


On  obtient  ainsi  une  ebauche  dont  la  density  atteint 
te  polymerise.  Dans  le  cas  du  bob  inage  biais  on  est 
Diam&tre  ext^rieur  /  ^  *  .  .  . 

~am&t~re  Tntc-r i eur  £  2'5  Pcur  4vlter  les  Pl,s  dans 


couramment  95  if  de  la  densite  du  compos i- 
limite  en  particulier  par  le  rapport  : 

la  piece. 


Apr$s  bobinage  les  ebauches  sont  polymerisees  en  hydroclave.  Cette  "cuisson"  necessite  une 
protection  par  tissus  de  drainage  et  membrane  caoutchouc  etanche.  Comme  oour  la  thermocom¬ 
pression  les  cycles  de  cuisson  sont  determines  par  le  taux  de  f I uage  et  I'epaisseur  de  la 
pi  See  comme  indlquS  figure  8. 


Figure  8  :  Choix  du  cycle  de  pol ymeri sation  d'une  ebauche  bobinee. 

Pression  et  temperature  sont  enregistrees  en  continu  pour  tous  les  cycles  et  depuis  1976  on 
realise  ainsi  des  divergents  de  tuyere  bimateriaux  (carbone  -  si  I  ice)  avec  plusieurs  orienta¬ 
tions  differentes  du  ruban  et  dont  le  poids  peut  atteindre  140  kg  (figure  9). 

La  densite,  I 'orientation  des  strates  et  I 'absence  de  defauts  ors  de  I 'examen  aux  rayons  X 
constituent  egalement  les  criteres  de  qua  I ite  des  pieces  bobinees. 


Figure  9  :  Configurations  de  pieces  bobinees. 

Pour  parvenir  a  la  definition  des  mei I leures  techniques  de  mise  en  oeuvre,  il  a  fa  I  I u  evaluer 
differents  types  de  materiaux.  Pour  ce  faire  on  a  realise  une  quinzaine  de  tirs  au  banc  S 
echelle  reduite.  Des  tuySres  du  type  indique  sur  la  figure  10  ont  ete  montees  sur  des  bom- 
bes  de  diamStre  390  et  800  mm  chargSes  d'une  poudre  Isolane  36/9.  Les  materiaux  a  tester  cons- 
tituaient  les  cols  et  divergents  de  ces  tuyeres. 

L 'exp loi tat  ion  de  ces  tirs  a  consist4  non  seulement  a  mesurer  I 'erosion  des  materiaux  en  dif¬ 
ferents  endroits  de  la  tuyere  mais  egalement  a  mesurer  les  jeux  residuels  entre  pieces  apres 
tir.  On  en  a  deduit  les  principales  conclusions  suivantes  : 

-  Le  graphite  phenol ique  a  une  meilleure  tenue  5  I 'ablation  que  le  carbone  phenol ique  par 
suite  de  sa  meilleure  conduct ibi I Ite  thermique. 

-  Pour  un  graphite  phenol ique  et  dans  les  zones  a  flux  thermiques  importants,  I 'orientation 
des  strates  dans  le  sens  de  I'ecoulement  des  gaz  est  favorable  S  la  tenue  S  I 'ablation. 


L'examen  des  jeux  residuals  montre  que,  pour  un  mattViau  donn3,  la  tenue  3  I 'ablation  de¬ 
pend  de  ses  possibility  d'expanslon  on  cours  do  degradation,  Cecl  s'explique  par  la  gran 
de  quantity  de  matures  volatiles  d3gag6e  lors  do  la  pyrolyse  de  la  rdslne  (3). 


Fig  :  10  TUYERES  D'ESSAI  A  ECHELLE  REDUITE 


Cette  dernidre  remarque  s’est  trouv3e  amplement  confirmee  lors  de  la  realisation  ulterieure 
de  tlrs  au  banc  A  4chelle  plus  importante  et  ce  sont  ces  resultats  qui  ont  conduit  A  envi- 
sager  le  dimensionnement  des  tuyeres  par  des  methodes  analytiques  ameilorees  et  en  prenant 
en  compte  3  la  fois  les  so  I  I i c I  tat  ions  thermlques  et  mecanlques. 


m  DIMENSIONNEMENT  DES  TUYERES  -  METHODES  D' ANALYSE  (4) 


Le  dimensionnement  par  te  calcul  consist©  A  predire  aussi  precisement  quo  possible  lo  comportement 
thermique  et  mecanique  des  difterentes  piSces  composant  une  tuyere  de  fagon  3  definlr  leur  archi¬ 
tecture  (epaisseur  des  materiaux  ablatifs  et  isolants,  collages,  dimensions  des  pieces  metal  I iques 
jeux  ...). 


La  figure  II  presente  un  example  du  type  d'assemblage  fetudie 


Divergent 


Direction  de  rfeoulement 

Orientetion  des  titsus 

Axe  de  le  tuydre 

ARCHITECTURE  TYPIQUE  D’UNE  VEINE  DE  TUYERE 


Le  calcul  apporfe  une  aide  importante  3  la  conception  et  au  dimensionnement  de  tels  ensembles 


Calculs  thermi 


Ces  calculs  ont  deux  objectifs  principaux 


Calcul  de  I’^roslon  en  fonction  du  temps,  et  par  suite  dimensionnement  de  I’^pais 
seur  des  materiaux  ablatifs. 


Calcul  de  la  carte  thermique  dans  I 'Epaisseur  des  materiaux  en  fonction  du  temps 
et  par  suite  dimensionnement  de  I'^palsseur  des  isolants.  Cette  Epaisseur  doit 
Stre  telle  que  les  parties  structurales  jouant  un  role  mecanique  (collages  fonc- 
tionnels.,  pieces  metalliques)  restent  3  une  temperature  interleuro  3  une  valeur 
don n£e. 
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5  •  1  •  2 .  ■*  Cal  cuts  m6c 


One  provision  des  contra  i  nte  s  et  des  (36  format  ions  de  Ja  tuyere  au  cours  du  tir  e  t 
effectu£e  &  l 'aide  des  cartes  thermiques  pr6c£demnent  calcul^es  et  compte  tenu  des 
efforts  appliques  au  materiel  (pressions,  reactions  aux  liaisons). 

Ces  sol  I ic i tat  ions  sc  it  calculdes  : 

-  au  sein  des  composites,  dont  on  deduit  le  comport  emer.*  6  ('aide  de  cri teres  adap- 
tes  b  l ' an i sotrop i e  ( "contra i nte  maximale"  dans  certaines  directions  pr i vi I egi£es, 
critdre  de  Hi  I  I  . . . ) , 

-  au  niveau  des  liaisons  fonctionnel les  (collages)  ou  sont  part icul iferement  £tudi6es 
les  contra intes  de  traction  et  de  c i sa i I  I ement , 

-  au  sein  des  pieces  m£talliques  (crityre  de  Von  Mises)  sur  lesquelles  sont  g£nera- 
I ement  implant^es  des  jauges  de  contrainte  permettant  de  recouper  les  previsions 
et  les  essais. 

3.2.  -  Calcul  du  champ  de  temperatures  dans  une  tuyere  : 

Le  calcul  du  champ  de  temperature  dans  une  tuyere  pendant  un  tir  passe  par  la  resolution  de 
I'equafion  de  Fourrier  qui  peut  s'ecrire  pour  une  geometrie  de  revolution  : 

On  voit  done  apparaltre  les  grandeurs  physiques  caracteri sant  la  conduction  dans  un  materiau 
orthotrope  : 

-  la  conductivity  thermique  suivant  2  directions, 

-  la  chaleur  specif ique, 

-  la  masse  volumique, 

le  terme  P  (T,  t)  repr£sentant  ici  la  pyrolyse  du  materiau  phenol ique. 

L'ecriture  des  conditions  aux  limites  fait  intervenir  les  echanges  par  rayonnement  et  convec¬ 
tion  entre  la  surface  et  les  gaz  de  poudre,  il  faut  done  connaltre  le  pouvoir  emissif  du  ma¬ 
teriau  de  veine.  Pour  int£grer  cette  equation  2  codes  distincts  utilisant  tous  les  deux  la 
methode  des  differences  finies  sont  act ue I  I ement  employes. 

1 )  MABL  1  : 

La  schema  t  i  sat  ion  ut  i  (  i  see  dans  ce  programme  n’est  applicable  qu'au  cas  d'un  empi.'age  com- 
portant  un  materiau  ablatif  expose  aux  gaz  de  poudre  et  un  ou  plusieurs  materiaux  inertes. 
La  g4ometrie  de  I* ensemble  est  un  cylindre  de  revolution. 

L'empilage  est  decompose  en  mail les  elementaires  et  le  terme  P  (T,  t)  s'ecrit  : 


Start  le  debit  de  gaz  produit  dans  la  zone  de  pyrolyse  et  leur  enthalpie. 

Pour  calculer  U.«on  admet  que  le  materiau  phenol  ique  peut  etre  represente  par  un  ou  plu¬ 
sieurs  corps  donT  les  decompositions  se  produisent  de  faqon  independante  en  fonction  de  la 
temperature  en  suivant  chacun  une  loi  d'Arrhenius. 

Les  constantes  de  ces  lois  peuvent  etre  deduites  de  mesures  thermogravimetriques  effectuees 
sur  le  matSriau  en  laboratoire. 

L'ecriture  des  conditions  aux  limites  cote  surface  chaude  fait  intervenir  en  plus  de  la 
convection  et  du  rayonnement  les  reactions  chimiques  a  I'equilibre  entre  surface  et  gaz  de 
poudre.  Ceci  permet  le  calcul  de  I'ablation  de  la  surface  en  fonction  du  temps. 

2)  BIDABL  : 

Ce  code  permet  I'Stude  d'un  massif  b i dimensionnel  axisymetrique  constitue  de  materiaux  or¬ 
thotropes.  II  permet  done  de  traiter  la  zone  convergent-col -entree  de  divergent  d'une 
tuy&re. 

Afin  d'alleger  les  calculs  la  pyrolyse  des  materiaux  phenol iques  est  representee  par  une 
augmentation  de  la  chaleur  sp^cifique  au  moment  de  la  degradation.  Cet  accroi ssement 
apparent  de  chaleur  specif ique  a  4te  obtenu  a  partir  de  calculs  effectues  a  I 'aide  du  code 
MABL  1  pour  des  dchauf fements  semblables. 
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Les  conditions  aux  limites  sont  traityes  d'une  fagon  analogue  5  cel  les  de  MABL  1  cependant 
les  reactions  gaz-paroi  ne  sont  plus  S  I'equilibre  mais  sont  pilotees  par  une  cinytique 
suivant  le  schema  de  Langmuir.  Ceci  permet  de  calculer  avec  une  bonne  precision  le  recul 
de  la  surface  en  fonction  du  temps  pour  les  materiaux  utilises  actuellement  et  de  tracer 
la  carte  thermique  d'une  tuySre  a  un  instant  donn£. 

Prevision  des  sol  I ic i tat  ions  mecaniques  dans  les  pieces  de  tuyere  : 

3.3.1.  -  Methode  de  calcul  : 


Les  calculs  sont  generalement  effectues  par  la  methode  des  yiyments  finis  h  I'aide 
du  programme  MARC  (5).  La  figure  12  presente  un  exemple  de  maillage. 


~  "  Ablation 

Fig  :  12  MAILLAGE  DE  LA  TUYERE 

POUR  CALCUL  THERMOMECANIQUE 


Les  calculs  sont  effectues  a  plusieurs  instants  de  combustion  en  tenant  compte  de 
I'evolution  du  profil  de  veine  avec  I 'ablation,  et  avec  les  hypotheses  de  I'elastici- 
te  lineaire  en  petites  deformations.  La  geometrie  et  les  charges  etant  supposes  axi- 
symetriques,  le  programme  permet  de  modeliser  I'evolution  des  jeux  de  dilatation  s£- 
parant  les  pieces  (avec  possibility  de  fermeture  au  cours  du  tir)  et  permet  egale- 
ment  de  tenir  compte  des  eventuels  glissements  de  composants. 

En  ce  qui  concerne  la  model isation  des  materiaux,  un  effort  particulier  a  yte  accom¬ 
pli  en  liaison  avec  les  resultats  d'un  important  programme  de  caracterisation. 

De  fagon  generate,  les  calculs  prennent  en  compte  I 'anisotropie  des  composites  et  la 
variation  de  leurs  caracteristiques  avec  la  temperature  ;  la  model isation  des  compo¬ 
sites  phenol iques  est  decrite  de  fagon  plus  detail  lee  au  paragraphe  suivant. 

3.3.2.  -  Caracter i st^gues  des  composites  ghenoUgues_ut|^sees  dans_J_es_ca|cu^s  : 

L'evolution  des  caracteristiques  de  ces  materiaux  avec  la  temperature  depend  de  la 
fagon  dont  se  deroule  la  pyrolyse  de  la  resine  phenol ique  en  cours  de  tir,  c'est- 
a-dire  en  particulier  des  deux  paramytres  suivants  : 


-  Quantity  de  gaz  de  pyrolyse  produite  par  unite  de  temps,  paramytre  dypendant  de  la 
vitesse  de  chauffage. 


-  Pression  des  gaz  de  pyrolyse,  paramytre  dependant  de  I 'environnement  de  la  pi^ce 
(possibi I ites  d'evacuation  des  gaz  de  pyrolyse,  etat  de  contrainte). 

On  peut  done  ecrire  :  C  =  f  (T,  position,  ^  ) 

So  it  C  *  f  ( a ,  b  ,  c  ,d)  |  1  | 


C  est  I ' une  quelconque  des  caracteristiques  mycaniques  du  composite,  que  I 'on  peut 
considerer  comme  orthotrope  : 


f  3  Direction  <  Ortho  »  (  radiale  ) 

2  Direction  axiale  ( trame  du  tittu  ) 

1  Direction  circonfArent  ielle  (  chaine  du  tittu  ) 


Couche  de  titiut 
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Av«*  lOttf  hypothdse,  lo  calcul  oxlgo  la  conna 1 ssanco  do  11  caractAr  I  st  Iquos  nWVani- 
ques  : 

.  ^  modules  d* Young  Ej,  I  , ,  l 

.  '  coefficients  do  Poisson  Vj  .  louV  1,  ^  ^  (ou (ou*^,). 

.  2  modulo*,  do  »  I  sa  il  lomont  G  ^  ^  of  G-?  compte  tonu  do  I 'axisymMr ie  du  probHWno  trai¬ 
ts  (G .  ,  n*  Inter  v  I  tint  pas). 

.  *  coefficients  do  dl  I  at  at  Ion*  ^ .  ot  Oi 

[ n  prat  l quo,  l os  n>atv*r  laux  moulds  pouvenl  fttre  consld$r6s  commo  monotropes  llo  plan 
1-.'  ost  1  so trope,  d*o0  7  caractArl st Iquos  I  n  dependant  os  soulomont). 

Nous  oxamlnons  cl-aprd*.  vomment  sont  cholsies  ios  carac ti'»r  I  st  iquos,  comp  to  tonu  dos 
param^tros  a,  b,  d  do  [  j  )  ,  on  liaison  a  vac  los  different*  rAsultatg  do  caractt*- 
r I  sat  Ion. 


a  -  Par  .im&t  r  o  temper  atur  o  \  : 

Pour  chaquo  composite  phdnol  Iquo,  chacune  dos  carac t£r 1st Iquos  ost  Introdulto 
dans  los  calculs  sous  forme  d'uno  courbo  ('  •  I  (T). 

b  -  PatamMio  "position  du  motor  iau  dans  In  t  uy«Vo"  : 

l  *  oxptV  I  onco  l  t*  t  udo  do  I'dtat  dos  pltVos  do  tuydro  aprtV.  tit,  comparalson  ontre 
provisions  do  calcul  ot  ossa  Is)  nous  a  conduit  A  s^paror  lo*.  composites  phenol  I - 
quos  on  doux  groupes  sulvant  la  position  occup«V»  dans  la  fuytVe.  Dans  chaquo 
groupe  II  taut  on  outre  dlstinguor  los  mattVlaux  sulvant  lour  rontort  (graphite, 
v arbone,  sllko)  ot  sulvant  lour  proctVh*  do  fabrication  (hoblnago,  moulago). 

Cos  doux  groupos  sont  lo*.  sulvant*.  : 

.  Croupe  I  :  places  do  typo  "I  so  I  ants"  l example  :  manchons,  tlguroll)  monttVs 
sans  jou\  ot  pyrolys^es  sous  compression  biaxlalo  ou  triaxlalo. 

.  Groupo  II  :  pi  dee  do  type  "ablatlfs"  gtSruVa  I  omont  s^p.n  Cos  dos  autre*,  eompo- 
san  t  s  par  do*,  joux  par  all  Me*,  aux  strato*. .  la  pyrolyso  ost  dite 
"llbro"  Icompro*.*. Ion  orthogonalo  aux  strato*.  tuille  ou  talblo  ; 
oxomplo  :  sort lo  do  col ,  t Iguro  11). 

v  -  Pa r  amfr t  ro  vito*.*.o  do  vbauftago  u- 'j-J  "  : 

La  mosuro  cl  ass  I  quo  do  la  dilatation  dos  composite*.  phenol  Ique*.  mot  on  Evidence 
I  *  Importance  do  la  vi  fosse  do  thnuffago,  Civnmo  lo  montre  la  figure  M. 
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Fig  13  :  DILATATION  EN  FONCTION  DE  LA  VITESSE  DE  CHAUFFAGE 

In  real  I  to  la  dilatation  mosirrYv  aux  vltossos  do  chauffage  ^  levies  ost  duo  A  un 
gont lomont  do  I  •  t»p  r  ouv«>t  to  consocutif  A  la  generation  tapide  do  gar  do  pyroly.o 
do  la  rt'slno  entro  lo*.  vouches  do  tlssus.  I  o*.  valour*.  Ar  ainsl  obtonuo*.  no  sont 
pa*.  hv'moadNno*.  avoc  los  valnul  ’•  cor  r  ospondanto*.  dos  modulo*,  gui  sont  mosur  eo*. 
sur  6prxnjvot  to*.  chargees  ot  st ab i  I  I st%v.  .>  la  temperature  vie  mosuro  apt  A*,  uno 
tMapo  do  chau  t  f ago  triV.  lent. 


Dos  car  .h  t  t'*r  1st!  guo*.  (!.,«(.'  homog«Nnos  sont  obtonuo*.  par  car  actor  I  sat  ion  "sous 
charge"  ("restrained  thermal  growth  tests"  (7)  ).  los  valours  obtonuo*.,  dont  lo*. 
figure*.  14  ot  1*>  v  l-apr»V.  dormant  dos  examples,  sont  representatives  dos  v.ii.v  to¬ 
il*.  t Iquos  do*.  roatArlaux  pyrolysis  *.ous  compression  multl-axialo  (groupe  1). 
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Fig  14  :  DILATATION  <  LIBRE*  ET  .SOUS  CHARGE.  Fig  :  16  MODULES  D'ELASTICITE  .LIBRE.  ET.SOUS  CHARGE* 
DU  CARBONE  PHENOLIQUE  BOBINE  D  UN  CARBONE  PHENOLIQUE  BOBINE 


Final  omen  t ,  Ins  nvdPl I sdt ions  ut  I  I  i  sons  dans  Ins  calculs  sont  t  ■  .  Ljmo,  ■  S  dam.  In 
tableau  suivant  : 


RENFORT 

(TISSUS) 

PROCEDE  DE 

FABRICATION 

MODE  It  DE 

CALCUL 

NOMBRE  DE 

CAR  ACTE  RISTIQUES 

(COURSES  C  t(T) 

ORIGINE  DES 

CARASTE  RISTIQUES 

E  XI  MPl  tS  DE  PIECES 

Car  bona 

Bobmaga 

Orthotropa 

11 

Caract*mtiquat  ttout 

Manchon  itolant  ilivaigant 

Carbon* 

Moulaga 

Monotropa 

7 

charga  a  A  la  vitatta 

Itolant  moult 

GROUPE  1 

Cirbont 

moulaga 

apattti  carraauxa 

Uotropa 

3 

moyanna  ila  pyrolyta 

ila  la  pifea  contiri*r6a 

Itolant  moult 

Silica 

B obi  nag* 

orthotropa 

11 

Manchon  itolant 

GROUPE  II 

Carbons 

Graphite 

Moulaga 

Moulaga 

Monotropa 

Monotropa 

7 

7 

Dilatation  a  libra  a 

Pitcat  ahlativat  da  vaina 

Los  calculs  nPcessItent  done  t hPor Iquement  4b  courbos  C  •  t  ill  pour  dlttPrentex 
vl  tessos  do  pyrol  ysn,  dans  la  p  I  ago  dns  vltossns  roiKuntriS's  dans  Ins  piPcos 
do  tuyPro.  In  pratique,  on  utilise  surtout  Ins  courbos  do  caractPr  I  st  i  guns  m< 
rPes  A  ltOO°C/mn. 

d  -  PatamtMro  dPtormotion  "£  " 

Ins  composites  cons  I  dart's  prPsontent  dns  courbos  contra  Into  dPtormntlon  non  I  in, '■al¬ 
tos,  part i cu I 1$ remen t  A  haute  tnmporaturn. 

la  caractPr I  sat  Ion  "sous  charge"  nn  par-met  pas  d’ohtenir  cos  courbns.  Ins  c.vactp- 
rlstlques  mesurpes  Plant  des  valours  "A  I 'origin,'"  (olios  sont  ob tenues  pat  appli¬ 
cation,  pendant  un  temps  1 1  Ps  court,  do  pot  Its  I  nc  foments  do  charge  ;  Ins  door¬ 
mat  Ions  no  can  I  guns  rostont  trps  falbles', 

Jusqu'A  present.  Ins  courbos  C T"  /«?  issues  do  cara,  tprlsntlon  ,  lasslgue  no  donnont 
lieu  qu'A  dns  calculs  Plastlques  non  IlnPalres  comparatlts  sut  dns  piPcos  | solans . 

Ins  bosoins  niVossalrns  aux  calculs  Plant  exprlmps  I 'ptapo  sulvanto  a  consist,'  A  t  Pa- 
llser  lo  programme  do  ,  at  act  Pr  I  sat  Ion  nPcessait'e. 


L.iJ  CARACTtRI  SAT  ION  DES  MATER  I  AUV  f'HLNOl  IQIIE  S  - 


4,1,  -  MatPrlaux  retenus  : 

Compto  tenu  du  nomhro  PlovP  ,1e  caractPrlst  Iquos  A  mesurer  A  dlftPrnntos  tompPrat  urns,  II  tal- 
lalt  cholslr  judlcleusemont  les  matPriaux  A  caractPr Isor.  Co  cholx  s'ost  fait  nn  tone t Ion  do 
I '  ut  1 1 1  sat  ion  dans  los  tuypros  et  dos  preoccupations  du  moment  ot  on  a  mtenu  Ins  qualm  ma- 
tprlaux  phPnol  iquos  sulvants  : 

-  Graphite  phPnol Iquo  moulP  on  strains  ontIPros. 

-  Carbone  phPnol Ique  moulP  on  strates  ontIPros. 
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-  Carbone  phenol  I  que  boMm*  p.i  f  .1 1  I A I  cw®n  t  A  I  *axo  »)#>  1 .1  piA,  »>. 

-  SI  I  ice  phenol  I  que  bOblnAe  para  1 1  A I  emenf  A  I  fno  do  la  p!A»e. 

Pour  I  os  quat  re  m%itAriaux,  les  prvprlAtAs  on  1  fiifi  AtudlAes,  lorsque  n*Vessalre,  suivant  In¬ 
directions  prlnclpales  d*orthotrop!o  du  matArlau  self 

-  Parallel*  nux  strafes  lwparaw  -  Mwlth  lamina")  of  per  pnndlcul  al  re  nos  strafes  ("ortho" 

•  ••across  lamina**)  pour  les  mat Ar  Iaux  moulds, 

-  Cl  rconffirttni  lei  I  e  (sens  chat  no  du  tlssy),  axlale  (sens  frame  du  tlssu)  of  radiate  (perpon- 
diculaire  mix  strafes)  pour  les  mat  At  iaux  boblnAs. 

t  pr  ouvet  t  es  ; 

les  Aprouvet  tes  nAcessaires  A  la  realisation  des  essnls  de  ^arncter I  sat  Ion  ont  Unites  At  A 
p re levees  dans  des  Abauches  tnbr  iquoes  dans  des  conditions  Indus ft  lei les.  C*ost  dire  que 
les  valours  ob  tenues  sont  representatives  des  « nr  actor  I sf iques  des  mater  Iaux  util  Is,-,  dans 
les  tuyAres  des  pr  opw  I  sour  s  . 

Pour  les  es*,ais  aux  temperatures  super  iour  es  A  400*0,  il  a  tallu  lenlr  ivvwpte  do  la  degrada- 
t  ion  de  la  resine  et  les  ebauches  d*Aprouvot  t  es  ont  sub  I  uhe  prApyrolyso  suivant  un  v\«  le 
therm  I  quo  Men  detlrtl  et  attelgnant  une  temperature  maxlmale  de  //OO^O.  la  figure  le  resume 
les  differ  onto*;  operations  sublos  par  les  ehauv  hes  et  les  Apreuvottos  avant  o-.-.al. 
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Ftg  :  16  CYCLE SUBI  PAR LES EPROUVETTES 


Issal s  ; 

les  os-.als  effectuAs  vtevalent  nature  I  lement  eomlnlre  A  I  * oh tent  ion  de  Unites  les  ,  ar  a*  ter  I  si  j  - 
ques  nAv  ossa  I  res  au  d imons lonnement  des  tuyeres  et  ve,  en  torn  t  ion  do  la  temperature. 

4 . U 1 .  -  I  ssa I s  me 1  an i jues  : 

-  TRACI  ION  :  A  I  *am|>ianto  et  A  temperature  Inter  leuio  A  4iV*Y  on  utilise  une  machine 
»  I  ass  I  que  et  les  oprouvettos  sont  *  haul  foes  par  eftet  JOUl  l  .  la  vltesse  de  chautfo 
est  do  l  HX)°C  s  '  ef  la  vltesse  do  traction  mm  mn  ,  la  tenrperature  est  ,  ontr  o- 
iee  par  pyromAtro  opt  I  quo  et  les  de  format  Ions  mnsurees  par  pltues  ex  t  ensomAt  t  I  ques. 
On  enroqlstre  la  cour  he  cont  r  ai  nte-dcMormat  Ion  qul  permet  de  calculer  le  module 
d*eiast  It  I  te  et  le  coetfU  lent  de  TV  Is son. 

A  temperature  eioveo  on  dolt  assurer  I  * a • I gnomon f  de  I *equ I page  par  des  pallets  A 
qa/.  la  temperature  est  obtenue  pat  un  four  en  graphite  et  les  detoi  mat  Ions  axla 
les  et  Interales  sont  mesurAex  par  un  systAme  opt  l que  de  poursulfo  de  reputes.  Om 
enreglstro  ega lament  les  court-ex  \  ont t a lnto~dA tor  mat  Ion , 

(XWPK'I  SS I  r>N  ;  On  utilise  sens  I M  nment  les  memos  systAmos  et  les  mAmos  mAthodos  vU' 
mesure  que  pour  les  ossa  is  de  trait  Ion. 

-  0ISAIUIMIN1  :  Pour  la  mesure  de  la  rAsIstaruo  I  nter  laml  nal  1  e,  on  -ournot  une  epi  oli¬ 
vette  double  entnl  I  le  A  un  eftert  de  compression  ;  el  le  se  r\*mpt  on  *  I  all lement 
dans  le  plan  detlnl  par  le  fond  des  entail les.  On  obtlent  vet  effort  par  un  montage 
sur  la  machine  de  traction  dA\rlte  »  |-dessus% 

la  mesure  de  In  resistance  t  r  ansi  ami  nal  r  v  s’ohtient  pat  appIKatlon  vt*un  effort 
traruhant  sur  une  Apron vet  to  pr  e-ental  I  I  Ac  au  moyon  d*un  ouflllaqo  adapt*'  pta»A 
sur  les  machines  de  tract  Ion  dA«  rites  »  l-desnus, 

( tos  essals  de  torsion  sont  Aqa lement  reall-.es  et  permettent  de  me  surer  la  icslstan- 
in  A  rupture  et  I*'  modulo  I  nter  I  ami  na  1 1  es  d*uno  part,  le  module  apparent  de  ilsall- 
lement  duquol  on  dAdult  le  module  de  ,  I  sal  I  lament  f  t  an-,  lamina  it  n  d*  autre  ear  t  , 
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4.3.2.  -  tssajs_thenmgues  : 

-  CONDUCT  I Bl L ITE  :  Pour  les  temperatures  d'essai  comprises  entre  60  et  800°C  on  utili¬ 
se  la  methode  comparative  qui  consiste  b  taire  circuler  un  flux  de  chaleur  dans  le 
sens  axial  d'une  eprouvette  cyllndrique  intercal6e  entre  deux  pieces  de  reference 

de  conductivity  connue,  en  n6gligeant  les  pertes  radiales  que  I 'on  peut  minimiser 
dans  I 'apparei I lage,  on  6crlt  la  conservation  du  flux  b  travers  les  trois  elements. 
On  obtient  une  precision  de  -  3  <• 

Au-dessus  de  1000°C  on  utilise  la  methode  du  flux  radial  dont  le  principe  est  le 
suivant  :  un  cylindre  creux  isoie  b  chacune  de  ses  extr6mites  et  chaufte  sur  sa 
surface  laterale  est  traverse  par  un  flux  de  chaleur  que  I 'on  mesure  en  faisant 
circuler  h  I'interieur  du  cylindre  un  courant  d'eau  dont  on  mesure  le  debit  et  la 
variation  de  temperature.  La  precision  de  la  mesure  est  estlmee  a  -  12  1. 

Pour  les  materiaux  b  faible  conduct ibi I ite  thermique  c'est-a-dire  le  carbone  pheno- 
I ique  bobine  vierge  dans  le  sens  radial  et  la  si  I  ice  phenol i que  bob i nee  entre 
I'ambiante  et  800°C  II  a  fallu  utillser  des  methodes  particul idres  ddrivees  de  la 
methode  comparative. 

-  CHALEUR  MASSIQUE  :  Entre  la  temperature  ambiante  e*  550°C  on  utilise  un  calorimetre 
adiabatique  (calorimetre  classique)  qui  fournit  la  valeur  de  I'enthalpie  en  fonc- 
tion  de  la  temperature  et  par  derivation,  la  chaleur  massique  avec  une  precision 

de  -  3  *. 

Au-delS  et  jusqu'a  2200°C  on  utilise  un  calorimetre  a  glace.  Sous  I'effet  de  la 
chaleur  d6gag6e  par  I 'echant i I  Ion  porte  b  une  certaine  temperature,  I 'etat  d'equi- 
libre  d'un  melange  eau  glace  est  deplace  et  il  s'ensuit  unj  variation  de  volume 
retransmise  b  une  colonne  de  mercure,  la  precision  est  de  -  5  f. 

-  DILATATION  LIBRE  :  On  mesure  la  variation  de  longueur  d'une  6prouvette  placee  dans 
un  dllatometre  a  tube  de  graphite.  Deux  vitesses  de  chauffe  ont  ete  utilisees  :  ^ 
une  lente  (2,8°C  mn”  )  obtenue  grSce  a  un  four  classique,  une  rapide  (1100*0  mn  ) 
obtenue  par  un  systSme  b  induction.  Les  temperatures  sont  contrSlees  par  thermocou¬ 
ples  puis  au-deie  de  800°C  par  pyrometre  opt ique. 

-  DILATATION  SOUS  CHARGE  :  Pour  determiner  la  dilatation  effective  sous  charge  dont 
il  a  ete  parie  au  chapitre  precedent,  deux  types  d'essais  ont  ete  realises  :  des 
essais  de  compression  sous  charge  pour  mesurer  les  modules  d'elasticite  E'  en  regi¬ 
me  transitoire  et  les  essais  de  dilatation  sous  charge  proprement  dlts.  Pour  obte- 
nir  la  valeur  du  module  on  realise  un  essai  de  compression  classique  mais  on  charge 
periodiquement  I '6prouvette  pendant  le  chauffage  et  on  enregistre  les  courbes  effort- 
de format  ion. 

Pour  mesurer  la  di latation  effective  sous  charge  on  utilise  une  machine  de  traction 
dont  I 'effort  est  transforme  en  un  effort  de  compression  par  un  outillage.  L'eprou- 
vette  est  chauff6e  par  effet  Joule  ou  micro-ondes.  Un  asservissement  permet  de 
conserver  a  peu  pres  constante  la  longueur  de  I 'eprouvette  en  la  comprimant  au  fur 
et  b  mesure  de  sa  dilatation.  Une  pince  extensometrique  mesure  les  deformations  axia- 
les,  un  thermocouple  la  temperature  de  I 'eprouvette  et  une  cellule  I 'effort  exerce. 

On  enregistre  toutes  ces  donnees. 

4.4.  -  Resul tats  : 

On  a  deja  presente,  pour  une  meilleure  comprehension,  les  resultats  de  dilatation  au  chapitre 
3.  Les  quelques  exemples  traites  ici  sont  ceux  qui  nous  ont  paru  les  plus  signi f icatlfs  et  qui 
permettent  de  tirer  une  conclusion  generale  sur  les  caracter i st iques  des  3  composes  phenol i- 
ques  etudies. 

4.4.1.  -  Conduct |MJ_|te  therm igue  : 

Cette  valeur  est  essentielle  pour  le  calcul  du  champ  de  temperature  dans  une  tuyere. 

Les  courbes  ->resentees  dans  les  figures  17  et  18  sont  obtenues  en  prenant  les  points 
de  mesure  cr  respondant  aux  temperatures  de  precarbonisation  pour  lesquelles  le  ma- 
teriau  est  stabilise.  On  represente  ainsi  une  conduct ibi I ite  moyenne  en  regime  tran¬ 
sitoire,  la  conduct i b i I i te  reel le  etant  difficile  a  determiner  entre  300  et  1000°C 
du  fait  de  la  pyrolyse  de  la  resine. 

On  constate  que  la  si  I  ice  phenol Ique  est  de  loin  le  materiau  le  plus  isolant  et  que 
le  graphite  phenol ique  est  plus  conducteur  que  le  carbone  phenol ique  jusqu'a  300°C. 
L'ecart  tend  a  diminuer  lorsque  la  temperature  augmente. 

Dans  tous  les  cas  la  conduct ibi I i te  du  materiau  "para"  est  plus  elevee  que  celle  du 
materiau  "ortho",  l'ecart  augmentant  avec  la  temperature  et  etant  d'autant  plus 
grand  que  le  materiau  est  plus  conducteur.  Cette  derniere  caracterl st Ique  conduira 
evidemment  a  orienter  les  strates  perpend i cu I  a i rement  b  I 'axe  d'une  tuyere  dans  les 
zones  les  plus  sol  I ici tees. 


Conductibilite  thermique  (W/m  cl 
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4.4.2.  -  Carac  t£r  j_st  iyue£_m£can  i^ues  : 

Les  essals  effectuSs  out  permis  de  tracer  les  courbes  des  caractSri st iques  exlg£es 
par  le  dimensionnement,  en  fonction  de  la  temperature.  Quelques  exemples  sont  prdsen- 
t£s  sur  les  figures  19  -  20  et  21.  Comme  pour  la  conduct  i b i  I  I tf>  thermique,  les  parties 
de  courbe  correspondant  au  regime  transitoire  (pyrolyse  de  la  r£sine  entre  500  et 
1000°C)  ont  6te  estimtSes  d'apr^s  les  mesures  eftectu^es  sur  mat^riau  pri5pyrol ys£ . 
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Fig  :  19  MODULE  D’ELASTICITE  EN  COMPRESSION 
OU  GRAPHITE  PHENOLIOUE  MOULE 


Fig  :  21  MODULE  DELASTICITE  EN  TRACTION 
DE  LA  SILICE  PHENOLIOUE  BOBINE 
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Fig  20  MODULE  D'ELASTICITE  EN  CISAU.LEMENT 
DU  CARBONE  PHENOLIOUE 
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Tous  les  materiaux  etudi6s  ont  ur  comporteroent  voisin  :  les  caracter 1st iques  chutent 
rapidement  jusqu'A  carbonisation  de  la  r6slne  (400  b  600°C)  puis  augmentent  au- 
de  I  b . 

L'anisotropie  entre  la  direction  "para"  et  la  direction  "ortho"  augmente  gSngrale- 
ment  avec  la  temperature  jusqu'S  carbonisation  complete  de  la  r6slne  puis  tend  b 
diminuer  au-delS. 

C'est  en  general  le  carbone  ph6nol ique  qui  a  les  meilleures  caracter I st Iques  mecanl- 
ques. 

C'est  cet  ensemble  de  resultats  qui  est  actuel lament  utilise  pour  effectuer  le 
dimensionnement  des  parties  de  tuyere  comportant  des  materiaux  phenol iques. 

O  COMPARISON  DES  PREVISIONS  DE  CALCUL  ET  DES  RESULTATS  D'ESSAI  - 


Moyennant  un  equipement  correct  des  pieces  sollicitees  en  moyens  de  mesure  (jauges  de  temperature  et 
de  deformation)  il  est  possible  de  comparer  les  previsions  de  calcul  b  des  resultats  obtenus  lors 
d'essais  au  banc  des  propul seurs.  Cette  methode  est  couramment  employee  en  phase  de  developpement  de 
nouveaux  programmes  et  permet  d'afflner  peu  3  peu  les  resultats.  Quelques  examples  sont  presentes 
ci-apris. 

5.1.  -  Repartition  des  temperatures  : 

Les  methodes  de  calcul  presentees  au  chapitre  3  permettent  non  seulement  de  prevoir  le  recul 
de  la  surface  de  la  velne  par  suite  du  phenomene  d'ablation  mais  egalement  de  tracer  une  carte 
des  Isothermes  dans  la  tuyere  b  chaque  Instant  du  tir  comme  le  montre  la  figure  22. 


ISOTHERMES 

1  373 

2  423 

3  473 

4  673 
6  773 

6  1273 

7  1773 

8  2273 

9  2773 
10  3273 


UNE  TUYERE 


(*K> 


On  peut  ainsi  en  deduire  i'epaisseur  de  materiau  necessaire  pour  conserver  I'lntegrite  de  la 
tuyere  pendant  toute  la  duree  du  tir.  La  comparalson  avec  les  mesures  obtenues  au  moyen  de 
thermocouples  permet  ensuite  d'af finer  les  valeurs  de  conduct ibi I  ltd  therm ique  des  materiaux 
et  de  reduire  peu  b  peu  la  marge  d' incertitude. 


5.2.  -  Calculs  thermomecan iques  : 


Les  deformations  en  tir  sont  mesurees  b  I 'aide  de  jauges  de  deformation  col  lees  sur  le  carter 
metal lique  de  tuyere  (voir  figure  II),  trois  exemples  sont  presentes  ci-apres. 


La  figure  23  represente  I 'evolution  avec  le  temps  des  deformations  ci rconferent iel les  du  carter 
de  tuydre  dans  le  cas  ou  la  piece  de  sortie  de  col  glisse  sur  le  manchon. 


Deformation  circonf4rantielle 


Fig  :  23  COMPARAISON  CALCUL/MESURE  AVEC 
GUSSEMENT  DE  PIECE  (JAUGE  B) 
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Le  gllssemenf  Intervient  jux  environs  du  tumps  de  tir  10  s  ;  les  calculs  notes  I,  /  ot  <  ■  t 
ettoctu6s  on  supposant  quo  les  places  restent  rlgldomont  lifos.  les  calculs  nott's  4,  ut  r 
modftllsent  lo  gllssoment.  Pans  ce  cas,  los  deformations  du  carter  au-doli  du  temps  l‘>  .  sont 
assent  lei  I  emorit  duos  au  manchon  Isolant  on  carbone  phenolique.  La  bonne  correlation  entre  tl- 
cul  ot  ossal  valido  la  mod6llsatlon  adopt,', e  pour  ce  materiau  (caraotiV I st I ques  "sous  charuo"). 

La  figure  24  repr^sente  Involution  avec  lo  temps  des  deformations  c I rcon t erent i e I  I es  du  ar  - 
tor  do  tuydro  dans  lo  cas  ou  la  sortie  do  cot  rosto  dans  sa  position  tnltlale. 


Fig  .  24  COMPARAISON  CALCUL/MESURE 
SANS  GUSSEMENT  DE  PIECE 

La  figure  25  represent,.,  I 'evolution  axlale  -  le  long  d'une  morldlenne  du  carter  de  tuyere  -  des 
deformations  cl rcon f 6rent i el les  au  tomps  de  combustion  70  s.  La  courbo  des  "deformations  mesu- 
reos"  ost  traceo  A  partir  des  mosuros  donnees  par  les  jauges  noteos  A,  P,  C,  0  (voir  figure  12). 


Fig  :25  EVOLUTION  AXIALE  DES  DEFORMATIONS  CIRCONFERENTIELLES  DU  CARTER 

On  constate  sur  cette  dernl^re  figure  que  le  calcul  recoupe  correctement  I'essal  au  niveau  des 
jauges  A  et  B  (carbone  phenolique  en  position  d'lsolant),  mais  que  la  correlation  est  moins 
bonne  au  niveau  de  la  jauge  0  (piece  ablative  en  carbone  phenolique).  Cet  ecart  montre  que 
I 'ut i I i sat  Ion  des  dilatations  "libres"  du  materiau  pour  une  telle  piece  n'est  pas  entieroment 
satlsfaisante. 
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DO  CONCLUSION  - 


Les  efforts  accomplls  depuls  une  dizalne  d'anneos  permettent  de  predire  desormais  avec  une  bonne 
precision  le  comportement  des  pieces  de  tuyere  en  mattViaux  phenol iques  pendant  la  duree  d'un  tir. 

II  a  f al I u  pour  cel  a  : 

-  ameiloror  la  quality  et  la  reproduct  I b I  I  I te  des  materlaux  en  : 

.  prdparant  et  contrSlant  soigneusement  les  matieres  premieres, 

.  detinlssant  et  controlant  avec  soin  la  mise  en  oeuvre  en  automatisant  autanf  que  possible  les 

procedes. 

-  utllisor  les  nouvolles  methodes  d'analyso  par  Elements  finis  ot  developper  de  nouvoaux  programmes 
de  calcul  :  MABL  I  et  BIOABL  pour  les  calculs  de  champ  thermique,  MARC'  pour  les  sol  I  Icl  tat  Ions 
mecan iques. 

-  mesurer  toutos  les  caracterlst  Iques  S  introdulro  dans  cos  programmer,  et  ce  en  tonction  de  la  tempe¬ 
rature  pour  quatre  materlaux  : 


LA 


■  un  graphite  ph6nolique  moul£, 

.  un  carbone  phdnolique  moul£, 

.  un  carbone  phenol ique  bobin6, 

.  un  si  I  ice  phenol ique  bobind. 

Oans  certains  cas  II  s'est  av6r6  n^cessaire  d'effectuer  ces  mesures  en  se  rapprochant  des  conditions 
reel les  de  tir  :  dilatation  sous  charge  par  exemple. 

la  poursuite  de  la  comparaison  des  rdsultats  de  calcul  et  d'essais  en  tir  permet  d'une  part  d'arnJI lorer 
peu  &  peu  I 'architecture  des  tuyferes,  d'autre  part  d'af finer  les  m6thodes  de  calcul  et  les  valeurs  de 
certaines  caracter i st i ques. 
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SUMMARY 

% 

Laser-Doppler  Anemometry  is  a  convenient  diagnostic  technique  for  the  qas  flow  field 
associated  with  a  burning  solid  rocket  propellant,  because  of  the  non  perturbing  nature 
of  the  measuring  system,  the  good  space  and  time  resolution.  Experimental  results  have 
been  collected  in  the  pressure  range  1  -  10  atm  for  different  propellants.  A  continuous 
velocity  output  is  possible  when  a  sufficiently  large  particle  rate  is  available.  The 
pressure  and  the  condensed  phase  burning  rate  are  simul tar.eously  measured  and  related  to 
the  gas  phase  velocity. 


Sec.  1  -  INTRODUCTION 

A  Laser  Doppler  Velocimetry  (LDV)  technique  has  been  used  to  perform  velocity  measure¬ 
ments  in  the  gaseous  region  near  the  combustion  surface  of  a  burning  solid  rocket  propel¬ 
lant.  The  main  reason  of  this  choice  is  the  fact  that  the  usual  intrusive  experimental 
techniques  are  of  little  help  in  a  high  temperature,  reactive  medium  with  large  thermal 
gradients.  Likewise,  several  laser-based  optical  techniques  were  developed  to  measure  the 
condensed  phase  burning  rate  and  the  size  of  the  particles  carried  away  by^the  gas  in  the 
plume  of  the  burning  solid  propellant.  These  same  particles  were  used  as  scattering  cen¬ 
ters  for  the  LDV  measurements.  The  condensed  phase  burning  rate  (as  well  as  the  flame  tem¬ 
perature,  the  condensed  phase  thermal  profile  and  the  instantaneous  pressure)  were  also 
determined  by  other  standard  techniques.  This  would  allow  to  cross-check  the  LDV  results 
in  the  gas  phase  zone. 

A  steady  state  strand  burner,  with  two  symmetrical  and  opposite  optical  windows,  was 
specifically  designed  for  LDV  experiments.  The  operating  pressure  range  is  1  to  10  atm. 

The  differential  mode  of  operation  was  used  for  the  LDV  system,  with  observation  in  the 
forward  direction.  Measurements  were  made  of  the  gas  phase  velocity  component  in  the  direc¬ 
tion  of  the  axis  of  the  rod  of  solid  propellant.  A  computerized  data  acquisition  and  pro¬ 
cessing  system  was  also  realized.  The  apparatus  lias  been  applied  to  a  steadily  burning 
solid  propellant,  with  the  purpose  of  exploring  the  possibility  of  future  applications  to 
unsteady  situations.  Reasonably  good  results  were  obtained,  but  some  problems  remain  to 
be  solved  and  more  data  are  needed  in  order  to  cross-check  the  LDV  results  and  to  clari¬ 
fy  the  uncertainties  so  far  encountered. 


Sec.  2  -  FUNDAMENTALS  OF  LASER  DOPPLER  VELOCIMETRY 

The  basic  principle  involved  in  LDV  is  the  Doppler  frequency  shift  of  a  monochromatic 
and  coherent  light  beam  scattered  by  micrometric  particles  suspended  in  a  moving  medium. 

The  Doppler  frequency  shift  is  normally  resolved  by  heterodyning  the  scattered  light 
with  a  reference  beam  on  the  surface  of  a  photodetector  (reference  beam  LDV).  Alternati¬ 
vely,  scattered  waves  coming  from  two  Incident  beams  can  be  heterodyned  (differential 
LDV).  The  resulting  light  intensity,  and  hence  the  photocurrent,  will  be  modulated  at  the 
Doppler  frequency  (Refs.  1-3) 


(2.1)  fQ  =  2  U  sin  (P/2)/A 


where:  U  =  the  particle  velocity  component  in  the  direction  of  the  bisector  of  the  illu¬ 
minating  cross-beams; 
k  =  2it/A  is  the  wave  vector; 

\  «  the  wave  lenght  of  the  laser  beam 
&  -  the  angle  between  the  two  cross-beams. 

The  main  advantage  of  the  differential  LDV  (see  Fig.  1)  is  that  it  is  quite  simple  to  a- 
lign  and  it  is  not  sensitive  to  small  vibrations.  Moreover,  the  frequency  is  independent 
of  the  detection  angle.  A  picture,  which  is  often  used  to  describe  this  system,  is  the  so 
called  "fringe  model"  that  Involves  visualising  a  set  of  interference  fringes  produced  by 
two  Incident  laser  beams  in  their  cross  region.  The  Doppler  signal  is  produced  by  light 
scattered  from  particles  crossing  the  intersection  of  the  illuminating  beams  (probe  volu¬ 
me),  when  the  scattered  light,  collected  through  a  receiving  lens,  reaches  a  photomulti¬ 
plier.  The  probe  volume  is  geometrically  defined  by  the  cross  region  of  the  two  incident 
laser  beams  and  it  looks  like  an  ellipsoid  with  the  maior  axis  perpendicular  to  the  mea¬ 
sured  flow  velocity  component. 

LDV  techniques  allow  a  direct  measurement  of  velocity  components  (through  the  measure¬ 
ment  of  the  Doppler  frequency  by  an  electronic  signal  processor)  with  a  very  sharp  space 
resolution  (^o.l  mm3)  and  without  disturbing  the  flow.  This  is  an  important  feature  in 
reactive  media.  However,  a  sufficiently  large  number  of  scattering  particles  (>10&  m*-*) 
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is  required  to  obtain  a  continuous  velocity  information.  The  performance  of  an  LDV  system 
strongly  depends  on  the  size  distribution  and  concentration  of  the  particles  scattering 
light  into  the  photodetector.  Particle  concentration  has  to  be  high  to  obtain  good  time 
resolution  of  the  velocity  variation,  while  particle  sizes  have  to  be  very  small  to  fol¬ 
low  spatial  velocity  gradients.  In  unsteady  flows,  the  LDV  chain  of  Instruments  must  be 
treated  as  a  transducer  for  which  the  transfer  function  is  determined  by  the  dynamics  of 
tracer  particles. 

The  capability  of  particles  to  follow  the  gas  flow  can  be  roughly  estimated  from  the 
Bassett's  general  equation  (Refs.  4  and  5).  On  the  assumption  that  the  particle  density 
p  is  larger  than  the  gas  density  p  ,  the  Bassett's  equation  reduces  to 


(2.2) 

where 

(2.3) 
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being  Up  and  Ug  the  particle  and  gas  velocities; 
d  the  particle  diameter  and 
U  the  gas  viscosity. 

The  parameter  x  has  the  meaning  of  a  relaxation  time  for  a  particle  of  diameter  d  subjec¬ 
ted  to  a  spatial  velocity  gradient.  The  evaluation  of  x  necessitates  the  knowledge  of  the 
particle  density  and  size  distribution. 

Parallel  measurements  of  particle  size  and  density  are  of  the  greatest  importance  in 
experiments  where  flow  seeding  with  particles  of  known  size  is  not  feasible  or  it  cannot 
be  assumed  "a  priori"  that  ambient  particles  are  adequately  following  the  fluid  flow. 

LDV  systems  can  provide  information  on  particle  size  from  the  correlation  of  particle 
diameter  with  the  shape  of  the  LDV  signal. 

It  was  shown  (Refs.  6-9)  that  the  single  particle  Doppler  signal  can  be  accurately 
predicted  on  the  basis  of  the  Mle  scattering  theory.  The  general  expression  of  the  Dop¬ 
pler  photocurrent,  produced  by  a  single  particle  crossing  the  geometric  center  of  the 
probe  volume,  is  given  by 


(2.4) 
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where  n  is  the  detector  sensitivity, 
“D  =  2nfD 


^t  -  T(fr,<p)jj 


and  the  two  incident  beams  are  assumed  to  have  equal  intensities  I..  =  I.,  *  I0.  The  term 
P  represents  the  "pedestal"  amplitude  of  the  current  (Fig.  2),  while  D  represents  the 
Doppler  amplitude  and  V  determines  the  phase  of  the  scattered  intensity.  P,  D  and  V  are 
integral  quantities,  integrated  over  the  collecting  solid  angle,  Q,  of  the  receiving  op¬ 
tics.  They  depend  on  the  direction  of  detection  (9 ,<p)»  i.e.  the  axis  of  the  collecting  a- 
perture,  and  are  defined  in  terms  of  the  complex  amplitude  functions  given  by  the  Mie 
theory  (Refs.  10  -  12).  The  quantities  P,  D  and  T  depend  only  on  the  scattering  proper¬ 
ties  and  size  of  the  particle  (for  a  fixed  LDV  geometry),  whereas  the  photocurrent  is  a 
time-varying  function  of  the  particle  position  in  the  probe  volume.  Indeed,  a  moving 
fringe  pattern  is  seen  by  the  detector  due  to  two  beam  interference  and  particle  motion. 

The  fringe  contrast  or  Visibility  is  defined  by 


(2.5)  V  =  D/P 

Visibility  is  an  important  parameter  because  its  computed  values  can  be  easily  com¬ 
pared  with  experimental  ones.  The  exact  dependence  of  V  on  particle  diameter,  d,  can  be 
numerically  obtained  through  P  and  D  evaluated  by  a  computer  code  (Ref.  9)  based  on  Mie 
scattering  formula.  A  significative  example  obtained  by  this  code  is  shown  in  Fig.  3. 

The  Visibility  curve  vs  particle  diameter  exhibits  a  quasi-linear  behaviour,  at  least  in 
the  size  range  from  20um  to  80um.  Obviously,  this  result  is  only  valid  for  the  specific 
optical  parameters  selected: 

-  scattering  in  the  forward  direction  ( y  =  0°) ; 

-  small  cross-angle  0; 

-  small  collecting  solid  angle  Q. 

Notice  that  the  relation  between  Visibility  and  particle  diameter  is  in  this  case  in¬ 
dependent  from  the  refractive  index  (real  or  complex)  of  the  particles.  This  is  an  im¬ 
portant  feature,  because  the  refractive  index  is  normally  an  unknown  parameter.  In  con¬ 
clusion  this  method  could  be  used  for  particle  sizing,  or  at  least,  for  defining  the  up¬ 
per  bounds  of  particle  size  distribution,  in  conjunction  with  measurements  of  velocity 
and  particle  concentration. 


Sec.  3  -  EXPERIMENTAL  SET-UP 

LDV  measurements  were  performed  in  a  steady  state  strand  burner,  with  two  symmetrical 
and  opposite  optical  windows,  specifically  designed  for  this  purpose.  In  the  final  ver¬ 
sion  of  the  experimental  set-up  (see  Fig.  4),  two  thick  lenses  were  mounted  directly  on 
the  burner.  Advantages  of  this  configuration  are: 


1)  maximum  simlicity  of  the  optical  system; 

2)  possibility  of  utilislnq  all  of  the  small  window  aperture  that  is  available; 

3)  minimum  focal  lenqth  of  the  lens  L^  and,  therefore,  reduced  probe  volume  dimension. 

The  limitation  due  to  the  fixed  position  of  the  probe  volume  has  not  been  a  problem 
up  to  now,  because  we  were  only  interested  in  the  velocity  profiles  alonq  the  vertical 
axis  in  the  plume  of  the  solid  propellant. 

The  differential  LDV  mode  was  chosen  because  of  its  hlg.ier  slqnal  to  noise  characte¬ 
ristics  at  moderate  particle  concentrations.  Moreover,  this  type  of  LDV  system  is  the 
best  suited  for  individual  realization  velocimetry  and  parallel  particle  size  analysis. 

It  is  not  difficult  to  realize  the  situation  in  which  the  Doppler  signal,  that  is  availa¬ 
ble  for  processinq,  is  produced  by  no  more  than  one  particle  in  the  probe  volume  at  a 
time.  In  fact,  it  is  possible  to  adjust  the  probe  volume  dimensions,  both  in  diameter 
and  in  lenqth,  by  selectinq  the  proper  cross-beam  anqle  0  and  the  magnification  of  the 
light  collecting  system.  Typical  values  relative  to  our  experiments  are  given  in  Table  1. 

The  LDV  system  comprises  a  5  mW,He-Ne  laser  and  a  beam  splitter  with  variable  beam 
separation  allowing  continuous  variation  of  the  cross-beam  angle.  The  two  incident  paral¬ 
lel  beams  were  directed  toward  the  lens  L. ,  in  such  a  way  that  one  laser  beam  was  center¬ 
ed  on  the  lens  axis.  This  beam  is  not  diverted  from  its  horizontal  direction,  but  focus¬ 
ed  on  the  focal  point  (on  the  axis  of  the  strand  burner) .  The  second  beam  is  impinging  on 
the  lens  L.  at  a  distance  h  from  the  axis,  and  is  deflected  and  focused  on  the  same  focal 
point.  The  crossing  region  defines  the  probe  volume  of  the  LDV  system  and  the  velocity 
component  in  the  vertical  direction  can  be  measured.  With  the  geometry  of  Fiq.  4  the  mea¬ 
sured  velocity  component  is  not  exactly  the  axial  one;  however  the  difference,  of  the  or¬ 
der  of  sin  (0/2),  is  not  significant  for  small  0.  LDV  experiments  were  performed  by  using 
as  scattering  centers  the  particles  present  in  the  plume  of  the  burninq  solid  propellant 
sample.  No  external  seeding  was  used  in  order  to  avoid  any  disturbance  of  the  combustion 
processes.  Preliminary  experiments  showed  that,  generally,  sufficiently  high  particles 
rates  are  found  in  the  region  near  the  burning  surface. 

Now,  the  experimental  conditions  are  schematically  described.  Initially,  the  rod  of 
solid  propellant,  centered  on  the  axis  of  the  burner,  shuts  out  the  two  incident  laser 
beams.  When  the  rod  burns,  its  surface  goes  down  and  at  the  instant  t  the  horizontal 
beam  is  allowed  to  pass.  After  a  delay  At,  the  second  beam  is  also  passing  and  the  scat¬ 
tered  light  with  Doppler  information  is  received  by  the  photomultiplier.  A  triggering  sig¬ 
nal,  coming  out  from  the  photodiode  (P.D.)  intercepting  the  horizontal  beam,  precisely 
defines  the  starting  time  t  and  the  corresponding  burninq  surface  initial  position.  In 
fact,  after  proper  calibration,  it  could  be  possible  to  assume  t  =  t  when  the  burning 
surface  is  crossing  the  axis  of  the  horizontal  laser  beam,  with  an  error  less  than  the 
transverse  dimension  of  the  probe  volume.  From  this  reference  point,  the  axial  position 
of  the  probe  volume,  with  respect  to  the  burning  surface,  can  be  inferred  by  comparison 
of  the  time  delay  and  the  measured  burning  rate. 

It  should  be  noted  that  the  LDV  geometry  used  here  minimizes  the  dead  zone  thickness 
adjacent  to  the  burning  surface,  whose  extension  depends  on  the  system  geometry  and  in 
particular  the  0  angle  and  the  propellant  sample  radius  (see  Fig.  5).  In  our  case,  the 
dead  zone  tickness  is  of  the  same  order  of  the  probe  volume  minor  axis  (see  Table  1). 

The  receiving  optics  of  the  LDV  system  comprises:  the  lens  L)(  fixed  on  the  burner 
window,  collecting  the  radiation  scattered  in  the  forward  direction;  the  lens  L,  that  is 
movable  and  focuses  the  scattered  light  on  a  0.3  mm  pinhole  in  front  of  a  photomultiplier 
This  is  equipped  with  an  interferential  optical  filter,  centered  at  632.8  +  1.0  nm  (the 
laser  wave-length),  in  order  to  reject  flame  emission.  The  photomultiplier  signal  is 
processed  by  an  electronic  counter  processor  (DISA  mod.  55L90)  that  allows  to  work  with 
variable  particle  concentrations  and  does  not  have  dropout  problems.  Moreover,  it  has  a 
large  dynamic  range  and  no  slewrate  limitations;  it  accepts  individual  signals  and  deter¬ 
mines  the  correct  Doppler  frequency,  hence,  the  particle  velocity.  Proper  use  of  this  in¬ 
strument  would  require  rejection  of  multiple  particle  signals,  because  of  random  phase 
fluctuations  whicbwill  lead  to  incorrect  velocity  measurements  (Ref.  15).  This  require¬ 
ment  can  be  generally  satisfied  by  proper  reduction  of  the  probe  dimensions.  It  should 
be  noted  at  this  regard  that,  although  the  probe  volume  has  a  very  simple  geometrical  de¬ 
finition,  it  really  depends  on  the  receiving  optics,  the  observation  direction  and  the 
sensitivity  of  the  photo-electronic  system.  Many  of  these  parameters  can  be  accurately 
changed  in  order  to  get  the  best  compromise. 

The  time  resolution  of  the  LDV  measurements  depends  on  the  particle  rate,  ft, hence  on 
the  particle  concentration  N,  the  mean  particle  axial  velocity  U  and  the  probe  volume 
cross-section  S: 

(3.1)  n  =  a  N  U  S 

where  a  is  an  efliciency  factor  taking  into  account  the  validation  of  particle  signals 
from  the^ounter  processor.  In  our  experiments  with  double-base  propellants  the  time  his¬ 
tory  of  n  was  measured  by  a  multiscaler.  Many  tests  were  made  during  preliminary  velocity 
measurements  and  the  mean  values  of  n  for  different  optical  and  electronic  configurations 
of  the  LDV  were  determined  in  order  to  match  the  optical  system  to  the  mean  particle  con¬ 
centration.  Large  fluctuation  of  n  were  found  from  O  to  a  maximum  value  of  about  1  KHz 
corresponding  to  a  particle  concentration  of  about  2  x  10s  m-3  .  with  these  experimental 
conditions  the  LDV  cannot  provide  a  continuous  record  of  the  gas  velocity.  Moreover,  sin¬ 
ce  the  particles  randomly  cross  the  probe  volume,  they  provide  a  randomly  sampled  time 
series  of  the  fluctuating  velocity.  Time  resolution  can  be  limited  by  this  characteri¬ 
stics.  This  is  an  Important  feature  for  unsteady  situations  and  rapidily  fluctuating 
flows.  As  far  as  steady  state  situation  is  concerned,  the  particle  rate  is  more  than  ad¬ 
equate  to  perform  velocity  measurements  by  LDV.  Present  results  are  limited  to  this  case. 
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The  burning  rate  of  the  solid  propellant  was  initially  measured  by  standard  techni¬ 
ques  (Ref.  14). Later  on, a  new  technique  was  developed  based  on  the  non  perturbing  laser 
system  shown  in  Fig.  6.  The  beam  of  a  5  mW,  He-Ne  laser  was  enlarged  by  a  beam  expander 
passed  through  a  variable  diaphragm  and  directed  on  the  sample  of  the  solid  propellant. 

The  beam  radius  was  chosen  less  than  the  solid  propellant  radius,  therefore  the  whole 
beam  is  initially  stopped.  When  the  burning  surface  goes  down,  an  increasing  portion  of 
the  laser  beam  is  transmitted  and  then  collected  on  a  photodiode  by  means  of  a  focusing 
lens.  A  Centronic  Quadrant  Detector  was  used,  since  this  kind  of  photodiode  allows  a 
linear  relationship  between  the  voltage  output  and  the  displacement  of  the  burning  sur¬ 
face.  A  calibration  curve  referring  to  an  illuminating  beam  diameter  of  3.5  mm  is  shown 
in  Fig.  7.  The  ordinate  is  the  photodiode  voltage  output  and  the  abscissa  is  the  solid 
sample  displacement  referred  to  an  arbitrary  position.  The  curve  was  obtained  by  means 
of  a  non  burning  sample  of  propellant  displaced  by  a  micrometer  screw  in  steps  of  0.2 
mm.  Obviously,  accurate  measurements  of  the  solid  propellant  burning  rate  require  that 
the  burning  surface  remains  flat  and  horizontal.  The  advantage  of  this  technique  is  its 
non  perturbing  character  and  continuous  output  over  the  fixed  spatial  range.  For  example 
it  points  out  any  change  of  the  burning  rate  during  the  LDV  measurements. 

Sec.  4  -  EXPERIMENTAL  RESULTS 

A  typical  individual  Doppler  signal,  after  amplification  and  band-pass  filtering,  is 
shown  in  Fig.  8.  Many  of  these  signals  were  recovered  in  order  to  optimize  the  optical 
system  and  to  define  the  effective  probe  volume  dimension,  by  comparing  the  observed  and 
the  computed  fringe  number.  With  the  experimental  conditions  summarized  in  Table  1,  and 
the  solid  propellants  used,  generally  no  more  than  one  particle  at  once  was  present  in 
the  probe  volume.  If  the  pass-band  filtered  Doppler  signal,  relative  to  each  particle, 
satisfies  a  number  of  validation  conditions,  in  terms  of  amplitude  level  and  signal  to 
noise  ratio,  the  counter  processor  measures  the  Doppler  frequency  by  means  of  a  zero  cros¬ 
sing  method.  The  output  is  a  velocity  information  that  is  retained  until  another  particle 
gives  a  validated  signal.  By  digital  to  analog  conversion  of  the  output  of  the  Doppler 
counter  processor,  a  voltage  is  obtained  proportional  to  the  velocity  and  the  time  histo¬ 
ry  of  the  gas  velocity  can  be  stored  on  a  magnetic  tape  recorder. 

Data  reduction  was  performed  by  a  minicomputer,  but  is  limited  to  a  maximum  data  acqui¬ 
sition  rate  of  about  2  KHz.  Numerical  data  analyses  by  computer  codes  have  been  performed 
for  the  LDV  measurements  and  are  described  in  Ref.  16.  The  velocity  time  history,  monitor¬ 
ed  by  a  storage  Oscilloscope,  looks  like  the  lower  trace  of  Fig.  9,  in  which  each  point 

corresponds  to  a  single  particle  velocity  measurement.  Oscilloscope  record  is  triggered 
by  the  photodiode  signal  (upper  trace)  and  the  time  span  corresponds  to  a  displacement  of 
less  than  0.5  mm  above  the  burning  surface.  The  propellant  is  a  noncatalyzed  Double  Base 
(DB)  sample  burning  at  a  pressure  of  5  atm. 

In  Fig.  10  the  velocity  trace  of  a  sample  of  the  same  propellant  (lower  trace)  is  shown, 

but  the  record  is  covering  a  larger  time  interval.  The  upper  trace,  in  this  case,  refers 

to  the  pressure,  measured  by  means  of  a  Kistler  quartz  transducer  mod.  412,  equipped  with 
a  Kistler  Charge  Amplifier  mod.  5001 .  The  pressure  scale  is  1  atm/div.  It  can  be  noted  a 
slight  time  variation  of  the  pressure  from  the  initial  value  of  4  atm  to  a  final  value  of 
4.8  atm.  At  this  point  the  velocity  trace  indicates  the  end  of  the  burning  rod  of  propel¬ 
lant.  It  can  be  noted  that  the  mean  velocity  vs  time  is  nearly  constant,  but  a  large 
dispersion  (about  20%)  characterises  the  velocity  trace  and  similar  behaviour  was  found 
in  the  other  tests. 

Fig.  11  refers  to  a  test  with  an  AP  based  composite  propellant  at  a  nearly  constant 
pressure  of  7.5  atm.  For  both  propellants  the  condensed  phase  burning  rate  and  the  gas 
phase  velocity  agree  satisfactorily.  Indeed,  a  steady  state  mass  balance  gives  for  the 
expected  gas  flow  velocity: 

(4.1)  U  =  m/pg  =  ROc/Pg 

being  and  p  the  condensed  phase  and  the  gas  phase  densities,  and  R  the  condensed  phase 
burning  rate. 

Comparison  of  the  expected  and  measured  values  of  U  are  reported  in  Table  2.  The  bur¬ 
ning  rate  was  measured  both  by  standard  fuse  wire  technique  and  the  optical  method  pre¬ 
viously  described.  Typical  results  (oscillographic  records)  obtained  by  this  new  tech¬ 
nique  are  reported  in  Fig.  12.  They  refer  to  same  samples  of  noncatalyzed  DB  propellant 
burning  at  about  7  atm  and  agree  satisfactorily  with  standard  results.  With  the  AP  based 
composite  propellant  some  difficulties  were  encountered  due  to  the  higher  level  of  the 
flame  emission  and  consequently  to  the  higher  radiation  background  compared  to  the  la¬ 
ser  intensity. 

Sec.  5  -  CONCLUSIONS  AND  SUGGESTIONS 

Data  collected  up  to  now  suggest  the  possibility  of  LDV  measurements  in  the  gaseous 
region  above  the  burning  surface  of  a  solid  propellant.  So  far,  only  tests  in  a  steady 
state  situation  at  pressure  up  to  10  atm  were  performed,  but  experimental  work  is  in  fur¬ 
ther  progress.  Although  only  these  preliminary  results  are  presently  available,  some  ge¬ 
neral  aspects  of  LDV  measurements  can  be  inferred. 

Some  aspects  of  LDV  results  are  not  completely  understood  right  now.  The  velocity  mea¬ 
surements  seem  to  show  more  complicated  profiles  than  expected.  In  all  runs  a  large  velo¬ 
city  dispersion  (up  to  20%)  was  observed  around  the  mean  value.  This  is  difficult  to  ex¬ 
plain  on  the  basis  of  fluidynamics  considerations.  In  fact,  comparison  with  shadograph 
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movies  (5000  fr/s)  at  similar  test  conditions  suggests  a  quasi-n-Dncdimensional  laminar  gas 
flow,  unless  of  turbulence  time  scale  well  above  the  movie  speed.  The  discrepancy  with 
the  presumed  steady  state  laminar  flame  conditions  is  likely  due  to  a  polydisperse  parti¬ 
cle  size  distribution  and  the  consequent  difficulty  for  larger  particles  or  agglomerates 
to  follow  accurately  the  gas  flow.  Indeed,  the  measured  mean  velocities,  for  both  the  DB 
and  the  AP  propellants,  seem  to  be  below  the  values  obtained  by  the  measured  burning  rate 
of  the  condensed  phase  and  the  estimated  flame  temperature,  assuming  a  quasi -steady  state 
mass  balance  (see  Table  2). 

Particle  size  evaluation  by  means  of  electron  microscope  analysis  seems  to  confirm  this 
hypothesis,  showing  a  wide  particle  size  distribution  up  to  diamaters  well  above  10  urn. 
However  the  particle  capture  could  cause  agglomerat ion  and  clustering.  The  same  phenomena 
may  also  occur  while  particles  are  traveling  and  reacting  in  the  gaseous  stream. 

Moreover,  the  precision  of  the  LDV  instrument  itself  could  be  questioned  in  this  dif¬ 
ficult  application.  In  fact,  rapid  change  in  particle  rate  and  particle  size  during  the 
burning  of  the  propellant  sample  cause  difficulties  in  the  selection  of  the  operational 
conditions  of  the  counter  processor.  A  compromise  must  be  chosen,  with  regard  to  the  am¬ 
plification  and  triggering  levels  that  cannot  be  changed  during  the  short  time  of  a  single 
test  (about  5s) . 

To  improve  the  LDV  measurements  reliability  and  to  define  the  accuracy  of  this  techni¬ 
que  in  this  particular  condition,  a  wide  research  program  is  starting,  with  improved  LDV 
instrumentation  comprising  a  higher  power  laser,  a  Bragg  cell  frequency  shifter  and  a 
direct  interface  between  the  counter  processor  and  the  computer.  With  this  instrumenta¬ 
tion  a  systematic  analysis  of  particle  size  distribution  (by  the  Visil  ility  method)  can 
be  also  performed,  in  conjunction  with  measurements  of  velocity  and  particle  concentra¬ 
tion.  This  procedure  would  allow  to  take  into  account  all  these  parameters  in  evaluating 
the  correct  gas  flow  velocity.  In  principle,  usuful  information  could  be  obtained  in  un¬ 
steady  situations  as  well. 
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DISCUSSION 


R.L.Derr.  Naval  Weapons  Centre.  US 

What  were  the  propellant  formulations  used  in  your  experiments?  Were  they  metallised  '  Would  you  agree  that 
propellants  seeded  with  particulates  ol  known  si/e  would  improve  the  experiments'’ 

Author’  Reply 

In  this  study  two  types  of  propellant  were  examined,  namely  uncatalysed  conventional  double  base  and  also  an  AP 
tilled  composite  propellant  Neither  ol  these  propellants  contained  metal  additives  We  agree  that  propellants 
seeded  with  particles  ol  known  si/e  and  concentration  could  aid  LDV  measurements  However  carbon  and  or  other 
particles  present  in  the  gas  How  would  also  scatter  light 
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SUMMAKY 


Analytical  and  experimental  studies  have  been  conducted  tv'  develoj  and  demonstrate 
the  rotating  valve  method  for  measuring  the  pressure-  and  veloe it y-ceup led  response 
functions  of  solid  propellants.  The  method  Is  based  on  producing  pressure  or  velocity 
oscillations  In  a  small  combust  Ion  chamber  by  varying  the  area  of  one  or  twc  secondary 
exhaust  no:.: les  in  a  periodic  manner.  This  is  accomplished  by  using  rotating  valves  as 
the  secondary  orifices.  The  calves  operate  concurrently  with  a  primary  no.-.le  which 
controls  the  steady-state  pressure. 

Analytical  studies  have  developed  an  analytical  solution  of  the  transient  mass, 
momentum,  and  energy  equations.  The  equations  Include  the  effects  of  pressure  coupling, 
linear  and  nonlinear  velocity  coupling,  particle  damping,  flow  turning,  and  noccle  losses. 
These  analytical  solutions  agree  with  independently  developed  solut Ions  for  low  frequency 
bulk  mode  conditions  and  for  the  frequency  response  eharaeterlst les  at  acoust lc  resonar.ee. 

These  solutions  show  that  at  low  frequency,  pressure  coupling  dominates,  when  one 
valve  is  used  or  where  two  valves  are  operated  in  phase.  When  t wo  valves  are  operated 
ISO"  out  of  phase,  velocity  coupling  dominates  the  response.  Approximate  solut ions  have 
been  developed  for  both  conditions  to  permit  the  direct  derivation  of  response  funet lens 
from  experimental  data. 


An  experimental  apparatus  was  constructed  and  Its  performance  compared  with  predic¬ 
tions  under  cold  flow  conditions.  Excellent  agreement  was  found  between  the  measured  and 
predicted  pressure  amplitudes  and  phase  angles.  1'ressure-coup led  combustion  tests  also 
show  excellent  agreement  between  response  funet ions  measured  In  the  T-burner  and  in  the 
rotating  valve.  Velocity-coupled  tests  show  control  of  the  phase  angle  between  the  two 
valves  is  Important  to  ensure  proper  apparatus  performance  and  elimination  of  modulat Ion 
of  the  pressure  amplitude.  Additional  testing  and  apparatus  development  are  currently 
In  progress. 


LIST  OK  SYMBOLS 
a  sonic  velocity 

A  acoustic  admittance 


concent r 


at  ion  of  particulates,  0  ■  0 .  *  T  + 


eharaeterlst lc  velocity 
d iamet er 

integration  constant  in  Eq.  ( S ) 
integration  constant  in  Eq.  t‘>' 
frequency 

particle  damping  term  ( F *  »  t\CmM’  t  ♦  lYtj'l 

Hummer's  function1 
chamber  lengt h 
Mach  number 


«  '  -.5  v(4aLfuu)  . 

pressure 


♦  T  ♦ 


*The  primary  support  for  this  work  was  provided  by  the  I'.S. 
K04bl  1-70-0-0007  ,  F0ltbll-7lt-C-00MS  and  K4<j6.?0-77-U-004S. 


Air  Force  under  contracts 


q  chamber  perimeter 

0  f/Af  of  filter  In  figure  1! 

r  r  •  (CZ  -  N)2  C 

H  response  function 

S  area 

T  T  *  i\  -  A^qL 

V  \  Wk  ♦  „  \ 

).  ••  • 


dimensionless  chamber  length 


Greek 

a  oscillation  growth  rate 

■»  specific  heat  ratio 

t  acoustic  pressure  (p'  yp) 

1  I  mens  lonless  fr  ;  .  •  :y ,  2itfl  a 

1’  Tr  -  X  '-jy  In  Kq.  (6  ^ 
u  viscosity 


j  dimensionless  flame  temperature  oscillation 

l'  dimensionless  area,  S'/S 

P  density 

o  flow  turning  parameter  (o’  »  M'dX  dZ' 

t  dimensionless  time 

tj  particle  damping  parameter  [i^  *  Id  ^p  /( l8pL) ] 

X  i  5  /  ( S  +  S  ,  ) 

1  vo  vo  vl 


Subscript  s 
o  at  Z  «  0 

1  at  Z  -  1 

c  chamber 

v  valve,  velocity 

b  burning  surface 

m  mass  of  condensed  phase 
d  damping 

p  particle,  pressure 

Superscript s 

time  average 
oscillating  component 


INTRODUCTION 


The  stability  of  the  combustion  pressure  in  a  solid  propellant  rocket  motor  is 
determined  by  a  delicate  balance  between  the  sources  and  losses  of  oscillatory  energy. 

The  primary  sources  of  oscillatory  energy  are  the  flowfields  lri  the  combustion  chamber 
(mean  flow  driving)  and  the  dynamic  combustion  properties  of  the  propellant  (combustion 
response).  Among  the  losses  are  the  dynamic  flow  properties  of  the  nozzle  (nozzle  damping', 
the  drag  losses  of  the  particulate  combustion  products  (particle  damping),  and  the  vibra¬ 
tion  characteristics  of  the  propellant  grain  and  motor  case  (structural  damping).  Each 
process  must  be  characterized  quantitatively  to  predict  the  overall  stability  of  a 
specific  propellant  in  a  specified  motor. 

The  responses  of  propellants  to  acoustic  pressure  and  velocity  oscillations  have 
received  particular  attention  because  they  constitute  large  energy  sources  and  because 
they  are  the  most  difficult  to  characterize  analytically.  Several  studies1-*  have  been 
conducted  to  develop  methods  for  predicting  the  dynamic  combustion  response.  Each  of  the 
resulting  theoretical  expressions  contains  a  number  of  chemical  and  physical  parameters 
that  are  difficult  to  determine  independently.  Thus,  for  the  propellant  formulator  and 
the  motor  designer,  these  theoretical  expressions  have  little  value.  Consequently, 
experimental  methods  have  been  sought  to  obtain  the  data  required  for  predicting  the 
stability  of  proposed  motor  designs. 

The  T-burner  has  been  the  primary  experimental  method  for  measuring  the  combustion 
response  to  pressure  and  velocity  oscillations.  Several  studies5-13  have  been  conducted 
to  evaluate  various  methods  of  operating  the  T-burner.  Several  tests  must  be  conducted 
to  obtain  a  value  of  the  combustion  response  at  a  specific  frequency  and  pressure.  In 
motor  development  programs,  in  which  there  are  often  several  candidate  formulations  to 
be  evaluated,  a  range  of  frequencies  and  several  pressures  to  be  considered,  the  T-burner 
is  an  expensive  method  for  screening  candidate  propellants.  In  addition,  there  are  theo¬ 
retical  uncertainties1*’15  in  the  equations  used  to  derive  the  combustion  response 
function  from  the  T-burner  data. 

In  view  of  these  shortcomings,  consideration  was  given  to  the  development  of  alterna¬ 
tive  methods  for  characterizing  the  combustion  response  of  solid  propellants.  This  report 
summarizes  the  results  of  several  programs  conducted  to  explore  the  rotating  valve  method 
as  an  alternative  approach  for  measuring  the  combustion  response  function.1®  16 


Description  of  the  Rotating.  Valve  Method 

In  the  rotating  valve  method,  a  small  rocket  motor  is  test-fired  using  a  conventional 
nozzle  to  control  the  combustion  pressure.  In  addition,  a  secondary  exhaust  orifice  is 
periodically  opened  and  closed  by  a  specially  designed  rotating  valve  to  generate  small 
amplitude  pressure  oscillations  in  the  rocket  motor.  The  frequency  of  oscillations  is 
controlled  by  the  rotational  speed  of  the  rotating  valve.  Thus,  small  amplitude  pressure 
oscillations  are  generated  in  the  motor  at  a  selectable  pressure  and  frequency.  The 
amplitude  and  phase  of  these  pressure  oscillations  relative  to  the  exhaust  area  oscilla¬ 
tions  depend  on  the  transient  combustion  properties  of  the  propellant  and  the  dynamic 
ballistics  of  the  chamber.  The  general  apparatus  can  have  both  a  conventional  nozzle 
arid  a  rotating  valve  at  each  end  of  the  motor,  as  shown  in  figure  1.  Details  of  the 
experimental  hardware  and  test  procedures  are  presented  elsewhere.16-18 


Analytical  Studies 

To  develop  the  relationship  between  the  propellant  combustion  response  characteristics 
and  the  dynamic  chamber  ballistics,  consider  the  one-dimensional  flow  equations  of  the 
motor,  in  conjunction  with  the  ideal  gas  law.  After  linearization  and  rearrangement  one 
obtains  1  * 
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for  the  energy  equation.  These  equations  were  originally  derived  by  Culick,1*  who  was 
Interested  in  calculating  the  change  in  the  complex  eigenvalue  of  a  chamber  to  determine 
the  stability  of  self-excited  acoustic  waves.  Thus,  his  solution  incorporates  approxima¬ 
tions  that  are  valid  only  near  resonant  conditions.  In  this  work,  however,  the  primary 
Interest  Is  the  burner  response  to  nonresonant  frequencies;  hence,  the  approximations 
which  are  appropriate  for  resonant,  conditions  are  not  valid  in  this  development. 
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To  obtain  the  solution  for  nonresonant  conditions,  Eqs.  (1)  and  (2)  can  be  combined 
to  eliminate  dM'/dZ  by  separating  variables  and  replacing  3()/3t  by  1X().  The  result  Is 
then  differentiated  with  respect  to  Z  to  yield 
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Note  that  Eq  (3)  Is  second  order  and  has  coefficients  that  are  linear  In  the  Independent 
variable . 

Equation  (3)  can  be  transformed  to  a  Summers  equation1’ to  yield 
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The  solution  becomes 
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The  two  constants  of  integration  can  be  evaluated  from  the  nozzle  flow  equations  at  each 
end  of  the  chamber.  Assuming  the  nozzles  and  valves  behave  In  a  quasi-steady  manner,  one 
finds  at  Z  »  0 
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Because  Y  changes  sign  when  the  mean  flow  Mach  number  goes  to  zero,  two  sets  of 
constants  are  required:  one  set  for  0  <  Z  <Xi  and  for  xi  <  Z  <  1 .  The  additional  boundary 
conditions  are  obtained  by  requiring  the  oscillatory  pressure  and  velocity  to  be  continuous 
for  Z  =  xr 

Thus,  if  the  acoustic  response,  particle  damping  parameters,  and  chamber  dimensions 
are  known,  the  oscillating  components  of  pressure  and  velocity  can  be  predicted  for  any 
point  in  the  chamber.  Furthermore,  these  predictions  can  be  made  for  any  phase  relation¬ 
ship  between  the  two  valves,  simply  by  selecting  the  appropriate  value  of  ip0  and  iiq.  The 
significance  of  this  flexibility  will  be  apparent  later. 


Verification  of  Solution 


The  analytical  solution  of  the  equations  described  in  the  preceding  paragraphs  has 
been  checked  in  several  ways.  First,  at  low  frequencies,  the  equations  should  reduce 
analytically  to  the  equations  derived  for  the  pressure-coupled  rotating  valve,  assuming 
no  velocity  response  and  driving  from  only  one  valve.  For  low  frequencies,  the  Hummer 
functions  in  Eq.  (5)  approach  unity.  Following  through  the  resulting  algebra  leads  to 
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This  solution  is  identical  to  the  results  reported  in  reference  16  for  one  valve  and  also 
for  both  valves  when  operated  in  phase.  Numerical  calculations  using  appropriate  inputs 
to  model  this  case  also  yield  identical  results  from  Eq.  (8).  This  lo  an  Important  point 
since  It  provides  a  numerical  verification  of  the  computer  programming  In  addition  to  the 
analytical  verification. 

Second,  this  model  should  predict  the  correct  frequency  response  behavior  when  t ho 
combustor  is  driven  at  frequencies  near  the  natural  acoustic  frequencies.  In  particular, 
one  would  expect  that  near  resonance  the  pressure  amplitude  would  exhibit  the  behavior 
shown  in  figure  2.  Further,  one  would  expect  that  the  frequency  difference  at  t  lie 
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hall'-power  amplitudes  (l.e. ,  0.707  multiplied  by  the  peak  «plitud<  ..  :  ••  r<  lati  I 

to  the  overall  system  damping  of  the  self-excited  system  by  the  expression 


*1-5 


it  A  f* 


(9) 


The  left  side  can  be  evaluated  lndep«  :  ■  ..  fros  r.' j  solutions,  while  the  right  side 

can  be  evaluated  from  numerical  s  lut  ;  t  Ms  ■  Jt . . 

■  This  comparison  has  been  «ad-  1:.  •  :.:••••  -..-l.  it..-  first  case  •  ntalned  nly  presi  ir< 

coupling  effects  and  used  .nly  va-v-  .  1  sec  nd  and  third  cases  Incorporated  both 

pressure  and  velocity  coup  line  a.  *•  ..  i.  particle  dan.p  lng  effects  with  two  valves  operat¬ 
ing  in  phase.  In  two,  the  respoi  were  low  l.e.,  .  whlli 

three,  they  were  approximately  an  order  i  Ignit  hlgh<  r.  The  lit!  ir<  sh  wn 
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Case  Culick  Analysis  This  Solution 


1  0.112  0.117 

2  0.155  0.156 

3  0.102  0.108 


The  excellent  agreement  found  between  the  two  Independent  analyses  further  substan- 
'  1  ites  the  solution  presented  in  tills  paper.  Examination  of  the  numerical  r<  s  ilts  shows 
that  in  all  cases  the  amplitudes  of  the  pressure  at  both  ends  of  the  burner  are  nearly 
equal,  but  are  180°  out  of  phase,  exactly  as  expected. 


Application  to  Response  Function  Measurements 

Studies  of  the  analysis  show  that  conditions  where  the  frequency  of  the  driver 
oscillations  Is  low  compared  to  the  acoustic  frequency  are  particularly  attractive  for 
response  measurements.  Under  these  conditions,  the  mass  and  energy  balances  dominate  the 
behavior  of  the  burner  while  momentum  effects  are  relatively  unimportant.  This  observation 
is  independent  of  valve  phasing.  This  eliminates  particle  damp:::,-  flow  turning 

effects,  which  are  two  large  sources  of  uncertainty  In  the  T-burner,  while  retaining 
pressure-  and  velocity-coupling  effects. 

Further  parametric  studies  show  that  pressure  coupling  dominates  the  burner  behavior 
when  one  valve  is  used  or  when  two  valves  are  operated  in  phase  with  each  other.  The 
velocity  response  function  has  little  effect  on  the  oscillation  under  these  conditions. 
Therefore,  Eq.  (8!  is  a  valid  approximation  which  can  be  used  to  derive  pressure-coupled 
response  functions  from  measured  pressure  oscillations .  Pressure-coupled  response 
functions  reported  later  In  this  paper  were,  In  fact,  derived  in  this  manner. 

When  two  valves  are  operated  180°  out  of  phase,  velocity  coupling  dominates  the 
burner  behavior.  There  is  little  effect  of  the  pressure-coupled  response  under  these 
conditions.  Further  examination  of  the  predicted  behavior  shows  the  pressure  oscillations 
are  approximately  a  linear  function  of  axial  position.  Combining  this  approximation  with 
the  energy  equation  yields  a  first-order  ordinary  differential  equation  with  the  oscilla¬ 
tory  Mach  number  as  the  dependent  variable.  After  suitable  manipulations,  the  solution 
becomes 


(H  + 


v 


Tc'o  +  ( 2T  +  dM/dZ)x1(c|  -  e'c)  +  (m|  -  M*) 
(dM/dZ )m| ( 1  -  2XX) 


(10) 


The  accuracy  of  this  approximation  has  been  examined  numerically.  The  exact  solution 
was  used  to  predict  oscillating  pressures  and  velocities  using  a  set  of  pressure  and 
velocity  response  functions.  These  pressures  and  velocities  were  then  used  as  inputs  to 
Eq.  (10),  simulating  experimental  observations,  to  derive  the  velocity  response.  Figure  3 
compares  the  derived  and  exact  velocity  response  for  a  variety  of  particle-damping 
parameters.  This  comparison  was  made  using  the  imaginary  part  of  the  response  since  this 
is  a  parameter  used  In  motor  stability  predictions.  It  therefore  appears  that  the  approx¬ 
imate  analysis  provides  a  reasonably  accurate  solution  at  the  lower  frequencies  for  the 
conditions  examined.  This  approximate  solution  also  suggests  a  good  method  for  estimating 
initial  Inputs  If  the  complete  analysis  Is  required  for  data  reduction  purposes. 

The  formulation  of  the  velocity  coupling  that  was  included  in  the  analysis  needs  to 
be  considered  in  further  detail.  The  form  Incorporated  In  Eq.  (2)  is  the  classical  linear 
form  which  Is  Included  in  the  Standard  Stability  Prediction  Program.21  This  form  also 
forms  the  basis  for  Interpreting  velocity-coupled  T-burner  data.12’  13 


However ,  i'lllh’k"  and  I'rltT*  '  “  have  nl  that  I  lii*rr  may  lu*  att  utiuloy  I>rl  wivii 

vrloolty  ooupltiif  and  rroalve  burn  1  tif  .  f.pro  l  flea  1  ly  ,  thin  itipann  t  here  may  hr  a  minimum, 
of  t  hPPahO  1(1 ,  Vt*  loo  1 1  y  whtoll  rnunl  hr  rxoerdrd  before  t  hrPr  In  eouplluy;  between  l  lu*  eombua 
Mon  and  t  hr  vrloolty  ono  t  l  lal  lonn  .  Hot  h  fultok  atnl  1'plrr  havr  dlaeuaurd  t  hr  eliuruet  rr  t  a- 
t  Ion  of  thin  oonerptual  model  In  detail  and  havr  nhrwn  how  I  hr  rffrot  a  of  flow  rrvrrnal 
and  I  hr  I  hpraho  Id  vrloolty  Infturnor  I  hr  ootiplluf  proeraa. 


otudlea  havr  I'rru  t'omluolrd  tv'  drtrpmlnr  how  tin  tlirraliold  and  flow  rrvrpnal  rffrot  :: 
would  modify  t  hr  pt’Pdlotrd  halllat  ton  of  t  hr  dual  rot  at  Inn  valvr  experiment  .  Thr  haalo 
approach  to  1 noorporat  1  up  t hrnr  mod  I  float  trim  Into  thr  analynln  follown  thr  urt hod a  uard 
In  thr  dt  nndapd  dtahlllty  1‘prdlot  h'lin  l'reyrum;l  and  ly  I’plop  and  ivhop  It  y  ,  Thr-  wave 

In  droomponrd  Into  thr  appropriate  Fourier  oor  f  f  I  o  I  rut  n  .  I’npamrtplo  ntudlrn  wrrr  .thru 
madr  to  nhow  how  thr  l  tmr  avrpajtr  hurn  I  np.  pair  ahlft  ,  thr  f  undampnl  a  l  oompournta,  and  l  hr 
second  harmonto  vary  with  moan  flow  vrloolty  and  vrloolty  amplltudp. 


Thr  moat  alptklnn  prault  I'pom  t  hrnr  oaloulat  Iona  la  1  hr  nppr. 
t  Ion  of  t  In'  fundamrntal  oomponrnt  with  mrau  flow  fop  oou.d  ant  vrl. 
lat  lonn  with  thr  modi' I  draorlhrd  pprvloualy  allow  thr  amplttudr  of 
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I'XITH  IMt'.NTAl.  dTUDl  Kf- 
Appara t  ua  IV no p  Ipt  lop 

A  dual  point  Inn  valvr  apparat  ua  wan  dralflted  and  oouat  Pitot  r.l  uudrp  thin  pvoy.patn.  The 
haalo  appapal  ua  layout  la  aliown  aohrtiiat  I  oa  I  l  v  In  flfure  1.  Thin  api'aiifrmrnt  ppovl.h-a  thr 
flexibility  required  to  at  tidy  both  vr  I  oo  1 1  y-ootip  1  rd  and  ppr  aatifr  -  ooup  1  rd  oon  f  1  pupa  t  I  on; 
almply  hy  ohunflny  thr  a  rruiifemriit  of  holra  Iti  thr  fruphllr  pot  op  nlrrvr. 

Figure  A  ahowa  thr  raarnt  lal  oomponrnt  a  In  exploded  view.  Thr  pot  op  wltti  a  yruphllr 
a  l  r  r  vr  la  aliown,  together  wltti  four  graphite  ntoln  In  \  hr  l  p  prlatlvr  poaltlona.  V  hr  two 
alota  on  thr  upper  left  vent  to  thr  auxiliary  ehumhrra,  t hour  on  thr  lower  right  vent  to 
•  ■aolt  end  of  thr  oomhuat  Ion  ohamber.  A  motor  o.ae.r  loaded  w  1 1  It  propellant  la  a  I  no  ahowu. 

VI  purr  ahowa  a  phot  ..graph  of  thr  appapatua  with  a  propellant  gra  I  n  briny  llinrptrd 
Into  thr  oomhuat  ton  chamber.  Hist  trp  ppraaufr  t  panadinu-pa  are  looatrd  at  raoh  end  of  t  In¬ 
grain  to  monitor  thr  oaot  llat  lug  oomponrnt  ot'  ppraaufr.  Iti  add  1 1  Ion,  a  Tuber  I  ranaduorp 
mon It  ora  thr  average  ohumbrr  ppraaufr.  Thr  valvr  al  raoli  end  of  thr  ohomhrr  ala.  haa  an 
auxiliary  oliamhrr  that  aervea  an  a  phaar  ivlVrmor  fop  raoli  valvr,  laoh  la  r.pilpprd  with 
a  Ktatlrp  and  T.al'rp  t  r.inaduoer  to  mon  I  top  tin'  oaolllatlnp:  ppraaufr  and  thr  average  chamber 
ppraaurr.  All  the  t  ranaduorp  out  put  a  are  reoordrd  with  an  KM  tape  I'roop.lrp  and  played 
haoU  thPouy.li  appropriate  flit, era  and  phaar  metrra  aa  draorlhrd  lu  rrfrrrnora  It-  and  1  . 
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refrrrnoe  lb  auhal  ant  lat  e  the  phaar  praultn,  l’lirar  prault  n  deni,  mat  rat  r  that  the  oprp.it  Ion 
of  t  lie  appapatua  la  hauleilly  noun. I  and  that  the  lilalytloal  model  oan  la'  uard  to  derive 
praponar  funot  Iona  from  experiment a l  data. 


l‘praaupr-i'ouj>  led  Hraponar  feat  a 


Combustion  train  have  hern  oon.lnotrd  with  i  rtlnglr  rotating  valvr  to  drtrpmlnr  the 
ppraaiipr-o.'llp  led  praponar  filliol  Ion  of  arvrp.al  lllimlnl.rd  and  noiia  l  urn  I  u  I  r.t  ppopr  .  1  an!  :■  . 


Concurrent  ly  ,  T-burner  tests  were  .1  Iso  conduct  . • . i  t  .>  cot  |  .uv  the  tw  test  ;■  < •  t  1  ■  ds.  ' •  i- ;  ir- 

Isons  for  tin-  alumlnl  ed  formu I  at  Ions  are  shown  In  I' t  pure  ••  through  1.  while  eompHr l sons 
for  nonu lumtnl  ed  formula!  Ions  arc  shown  In  figures  t<  and  is.  Rea.  onal  l<  agreement 
between  1  in-  rot  at  tin'  valvi'  ami  T-burner  response  values  wan  found  for  all  propellants 
except  propo  1 1  ant  !•'. .  Til'li  shown  tin'  linear  burnlm  r dto  for  •  •  a v- ! »  propo  1  1  ant  at  the 
combust  toil  pressure  correspond  tug  t  o  tin'  I'l'ni'i'tiai’  measurement  n  . 


TAI'l.l-  COMP AK  1  PON  OK  RPRNlNit  RAT!'  0 


Burn tiu'.  Rate 

t'ri'i'i'  1  lain  tin.  sec  1 

A  0. 

it  0.  <1 

0  0 .  *H 

11  0.6? 

!■:  0.09 

K  0.16 

0  0  .  h  ft 


Tin’  measured  0*  ('.'0  each  propellant  w.n  within  dot  ot‘  l  ho  t  liormedyuamloa  1  ly  prod  lot  ml 
value.  Kurt  hennore ,  t  ho  measured  burning  rat  o  o.  >rrt  .  1  .  11. t.  .1  to  t  ho  va  I  no  moanuro.l  ludepemi 
rnily  using.  strands  and  small  motors. 

Tho  discrepancy  not  ml  for  propellant  I  has  not  boon  nat 1  a  fart  or l ly  explained.  This 
propel  lant  had  tho  lowont  t- ill'll  t  np  rate  of  the  alumlnl. ed  iVi'iimlt!  lonn  tented.  However, 
propellant  K  had  a  nubnt  ant  lally  lower  burn  tin  rati  but  showed  rood  agreement  between  the 
two  test  methods.  Kurt  hermore ,  propellant  h  had  only  a  slightly  higher  burnt  tip.  rate  than 
propellant  E,  but  yielded  excellent  igreewent .  However,  tin'  T "•burner  data  did  show  tig* 
n  1  ft  rant  dev  tat  Ion  from  the  expected  linear  rel.it  lenshlp  let  ween  the  decay  rate  and  area 
ratio  for  propellant  1'.  Thus,  II  In  net  clear  If  tin  difficulty  rent  n  with  (lie  rot  at  t  up. 
valve  or  the  T- hiti'iir  r .  I  x tensive  add  It  I  ona  1  work  would  be  rmjulrml  to  resolve  this 
.1 1  sc repancy  . 

Rurrerc  and  co-workers J*  '  ”  have  IiKli'prndent  ly  developed  an  apparatus  for  pressurr- 
•’oupled  response  function  meanurrmoiit  s  using  thin  basic  approach.  They  also  report  pood 
apri'i'iiictit  bet  ween  the  rot  at  tup  valvi  and  f-burner  results.  In  addition  they  have  report  ml 
measurement s  of  the  lmaplnary  part  of  the  response  filin' t  ton  and  have  correlated  I’oth  t  he 
real  and  lmaplnary  parts  In  terms  of  combust  ton  theory. 

Thr  Cl  .lib  I  nml  rrmilts  from  all  these  studies  show  the  approach  to  be  technically 
sound  and  to  offer  a  number  of  advaiil apon .  This  method  eliminates  comp l teat  tons  assoc t- 
at  ml  with  part  Icle  damplnp  and  minimi  on  lherm.il  losses..  fills  Is  part  tcnlarly  advant  apm'U 
at  lew  frei|Ueiicles  where  largo  correct  Ions-  are  rmpitred  In  the  f-burner  results. 


Ve  1  we  1 1  y-0o_ug  1  ml  Response  Tests 

Combust  Ion  tests  to  evaluate  this  method  for  velocity  response  fund  ton  measurements, 
are  currently  in  prepress.  The  Initial  series  of  tests  revealed  significant  modulation 
of  the  pressure  amplitude.  Klpure  l1'  shows  tho  esc  I  1  1  at  1  tip.  pressures  at  each  end  of  tho 
motor  and  the  mean  chamber  pressure  vs.  t  I  me.  The  t  line  delay  In  the  rise  of  l\,  and  1  he 
appearance  of  oscillations  resulted  from  delay.'!  In  I  he  release  of  1  he  Klstler  proundlttp 
circuit  .  Resultr.  .are  shown  for  various  filter  sett  lugs  6  wj  1  at  thr  fundament  a  1  frequency 
and  for  the  second  harmonic  content. 

The  most  notable  observations  are  the  large  amplitude  modulations  In  the  osc 1 1 1 at  tug 
pressure,  by  Imposing  the  cotut  It  Ion  (hat  .'1  1  *  t  Vi  ,  the  analysts  does  not  permit 

ovnlunt  loti  of  the  modulat  Ions.  Kurt  tier  study  revealed  that  the  frequency  of  the  modula- 
t  tons  Is  every  twenty  cycles,  which  mpials  the  number  of  hole;  around  the  rotor.  Careful 
review  of  the  machining  tolerances  showed  these  colors  had  excessive  variations  In  the 
spar  tug  between  holes.  Now  rot ors  wore  machined  to  more  exact  tup  tolerances.  Tests  with 
these  new  rotors  showed  a  snbstant  lal  redact  leu  In  1  he  magnitude  of  modulat  tons.  Thus, 
tolerance  control  Is  extremely  Important  tn  these  measurement s . 

Using  the  Improved  rotor,  another  series  of  combust  ten  tests  was.  conducted  using 
propellant  d.  Power  spectra  analyses  from  two  tests,  both  conducted  at  100  Us,  are  shown 
In  K1  gitres  1 1>  and  17.  These  results  were  obtained  using  a  Rowlett -Packard  Mode  1  P.b.'A 
f.peotrum  Analyser.  The  data  shown  In  figure  It'  were  obtained  using  one  steady-slate 
noitsle  Willie  the  data  111  figure  1/  were  obtained  using  Identical  steady-stale  no  loo  at 
each  end  of  the  burner. 

.'Several  observations  can  be  made.  Klrst,  both  figures  shew  significant  harmonic 
content.  Analysis  of  the  driver  wave  form1*  allows  no  driving  of  the  even  harmonies  by 
the  valve  and  only  minimal  (-tb  dlO  driving  of  the  third  harmonic.  Thus,  the  harmonic 
content  shown  tn  figures  lb  amt  17  Is  produced  by  the  burner  amt  not  by  the  rotating  valve 


driver.  In  the  light  of  the  analyses  presented  earlier  in  this  paper,  linear  velocity 
coupling  would  not  produce  this  frequency  spectrum.  However,  the  amplitude-dependent 
velocity  coupling  model  also  does  not  produce  the  relative  harmonic  magnitudes  shown  in 
both  tests.  ** 

The  second  observation  derives  from  a  comparison  of  Eq.  (10)  with  these  data. 

According  to  Eq.  (10)  testing  with  identical  steady-state  nozzles  at  each  end  (i.e., 

Xi  =  0.5)  should  result  in  no  pressure  oscillations  being  generated.  Obviously  that  is  not 
the  case  in  figure  17.  Thus,  the  results  to  date  cast  doubt  on  the  validity  of  the 
"linear"  velocity  coupling  concept  and  thereby  suggest  that  perhaps  the  amplitude-dependent 
velocity  coupling  model  should  receive  further  experimental  and  analytical  study. 

Another  source  of  the  high  harmonic  content  could  result  from  nonlinear  flow  effects. 
For  example,  the  linearization  of  the  momentum  equation  assumes  the  mean  flow  velocity  Is 
much  larger  than  the  Mach  number  of  the  oscillating  flow  at  every  axial  position.  Since 
there  is  mean  flow  from  both  ends  of  the  burner,  the  mean  flow  Mach  number  is  zero  at  some 
point  along  the  axis  (Z  *  X}).  The  oscillating  flow  Mach  number  is  essentially  constant 
along  the  axis.  Hence,  the  assumption  breaks  down  in  the  region  where  M  =  0.  Eliminating 
this  assumption  introduces  a  nonlinear  term  that  ultimately  could  contribute  to  the 
harmonic  content.  The  counter  argument  to  this  point  is  that  this  flow  nonlinearity  enters 
through  the  momentum  equation.  At  low  frequencies,  momentum  effects  are  relatively 
unimportant;  hence,  nonlinearity  should  not  be  important.  At  this  date,  this  point  remains 
unresolved . 


CONCLUSIONS 

Analytical  and  experimental  studies  have  demonstrated  the  applicability  of  the  rotat¬ 
ing  valve  method  for  measuring  the  pressure-coupled  combustion  response  function  of  solid 
propellants.  With  one  exception,  good  agreement  has  been  obtained  with  T-burner  results. 
For  velocity-coupled  response  function  measurements,  progress  has  been  made  using  the 
dual  valve  approach.  However,  more  effort  is  needed  to  evaluate  this  approach  properly  and 
to  understand  the  results  available  to  date. 
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Figure  7 •  Colii  Flow  Fhase  Data  Pressure  Coupled  Dual  Valve  Configuration 
Combust  Ion  Chamber  as  Reference 
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Figure  8.  Pressure  Coupled  Combustion  Response  of  Propellant  A 
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DISCUSSION 


M  Barrere,  ONI  KA.  I  r 

In  your  determination  of  the  response  function  of  the  propellant,  using  the  I  -burner,  did  you  take  into  account  the 
thermal  losses’’  I  or  example  as  you  decrease  the  frequency,  you  have  to  increase  the  length.  I  his  frequency  length 
variation  affects  thermal  losses. 

Author’s  Reply 

We  did  not  require  to  take  account  of  these  losses  with  the  rotary  valve  technique  because  the  propellant  covers 
most  of  the  length  of  the  burner  and  length  is  invariable.  This  was  the  reason  for  using  this  burner  and  in  fact  our 
('•  results  were  very  good. 

With  the  T-bumer  the  thermal  losses  can  be  very  significant  and  we  tried  to  keep  to  the  higher  frequencies  to 
minimise  the  losses.  Our  comparisons  between  the  two  techniques  were  made  at  the  higher  trequencies. 
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SUMMARY 

It  is  necessary  to  determine  cracks,  voids  and  other  faults  in  solid  propellant  charges  in  order  to 
assess  the  extent  of  their  effect  on  design  performance.  Many  such  faults  either  cannot  be  detected  radio¬ 
graphically  at  all  or  can  only  be  found  by  taking  a  large  number  of  radiographs  from  many  different  direc¬ 
tions  with  consequent  high  inspection  cost.  Ultrasonic  energy  is  very  sensitive  to  discontinuities  in 
solids  but  it  is  more  difficult  to  use  for  the  inspection  of  rocket  motor  charges  because  of  the  problems 
of  coupling  ultrasonic  transducers  to  propellant  and  of  interpreting  signals  transmitted  through  the  charge. 
Presenting  the  results  as  a  visual  image  of  the  interior  of  the  propellant  would  lead  to  much  easier 
determination  and  assessment  of  defects.  A  focused  image  of  this  nature  may  be  obtained  by  holographic 
encoding  or  computational  manipulation  of  the  phase  information  of  the  ultrasonic  field. 

1.  INTRODUCTION 

Defects  in  or  adjacent  to  propellant  charges  can  produce  undesirable  burning  characteristics  such  that 
the  design  performance  of  a  motor  may  not  be  achieved  or  catastrophic  failure  may  even  occur.  If  the  fault 
results  in  a  reduction  of  the  amount  of  material  present  along  the  viewing  axis  of  more  than  about  one 
percent  then  its  outline  may  be  determined  radiographically.  This,  however,  is  not  the  case  for  many 
cracks,  delaminations  and  bonding  faults.  In  these  cases  ultrasonic  inspection,  which  is  interface  sensi¬ 
tive  rather  than  dependent  upon  the  amount  of  material  missing,  is  a  potentially  better  technique. 

To  form  a  focused  image  from  the  ultrasonic  field  it  is  necessary  to  process  and  record  ultrasonic 
signals  transmitted  through  or  reflected  from  within  the  propellant  over  a  viewing  aperture.  Through- 
transmission  is  preferable  because  of  the  smaller  range  of  signal  attenuation  involved.  If  the  propellant 
can  be  immersed  then  a  liquid  acoustic  couplant,  for  example  water  or  a  fluorinert  liquid,  can  be  used. 
Otherwise  it  is  necessary  to  employ  more  difficult  techniques  such  as  the  use  of  a  rotating  soft  coupling 
medium  to  transfer  energy  from  the  ultrasonic  transducers  to  the  propellants  (see  Fig.  l).  Transducers 
using  this  technique  have  been  designed  and  used  in  rocket  motor  inspection  facilities  in  the  United 
Kingdom  and  in  some  industrial  appl i cat  ions .  An  alternative,  non-contacting,  method  is  to  use  a  scanning 
laser  interferometer  to  measure  surface  displacement;  but  this  is  generally  several  orders  of  magnitude 
less  sensitive  than  the  use  of  solid  or  liquid  coupled  piezoelectrics.  Any  system  which  is  to  be  applied 
to  solid  propellant  rocket  motor  inspection  needs  to  have  good  sensitivity  (at  least  of  the  order  of 
I0'7  w/m^  for  unity  si gnal-to-noi se  ratio)  because  of  the  high  attenuation  of  propellant  at  frequencies 
which  allow  the  required  minimum  resolution.  Piezoelectric  detection  is  therefore  nearly  always  necessary 
despite  the  advantages  of  many  other  methods. 

The  attenuation  of  ultrasound  in  propellant  increases  rapidly  with  frequency  (see  Fig.  2)  and  the 
shortest  wavelength  that  can  be  utilised  with  sufficient  received  s i gna 1  - to-noi se  ratio  for  subsequent 
data  processing  is  generally  of  the  order  of  1-10  mm.  Thus,  as  one  would  expect,  one  of  the  main 
characteristics  of  ultrasonic  images  is  their  inherently  low  resolution.  They  will  also  be  very  specular 
due  to  the  relative  smoothness  of  interfaces  and  boundaries  compared  to  the  wavelength  and  their  high 
reflection  coefficients.  The  ultrasonic  image  which  is  obtained  has  to  be  made  acceptable  within  the 
constraints  of  its  low  resolution  characteristics  and  therefore  careful  cons  i  de  rat  ion  should  be  given  to 
definition,  contrast,  speckle  etc. in  the  resultant  display,  bearing  in  mind  that  there  is  little  margin 
for  allowing  the  introduction  of  additional  noise  by  the  signal  processing  system. 

An  unfocused  shadograph  or  "C-scan"  picture  can  be  obtained  by  measurement  of  the  signal  amplitudes; 
to  obtain  focused  images  and  hence  improved  resolution  and  contrast  it  is  necessary  to  use  the  phase 
information  of  the  ultrasonic  field  as  well.  Ultrasonic  lenses  are  very  inconvenient  and  difficult  to  use 
in  this  application,  particularly  where  liquids  are  inadmissible  for  providing  coupling.  Thus  a  two  stage 
process  using  holographic  encoding  of  the  signal  phases  and  subsequent  optical  reconstruction  of  the 
ultrasonic  field  or  the  use  of  phased  array  focusing  with  subsequent  or  real-time  presentation  of  the  data 
on  a  visual  display  unit  are  alternatives  under  investigation  for  ultrasonic  imaging  in  propellants.  In 
the  former  method  focusing  is  obtained  using  optical  components  after  the  whole  ultrasonic  field  has  been 
reconstructed  optically.  In  the  latter  method  the  ultrasonic  wave  itself  may  be  foe  sed  using  a  trans¬ 
mitting  array  and  the  focusing  of  received  energy  achieved  by  electronic  circuitry  or  computation. 

2.  ULTRASONIC  IMAGING  METHODS 
2 . 1  Ultrasonic  Holography 

The  holographic  recording  and  reconstruction  process  may  be  used  to  record  the  wavefront  of  one  form 
of  energy  propagated  through  an  object  and  then  reconstruct  that  wavefront  using  another  type  of  energy 
(Fig.  3).  Thus  acoustic,  microwave  or  other  fields  may  be  made  visible  using  this  process.  Whatever 
radiation  is  used  it  must  be  sufficiently  coherent,  which  is  the  case  in  most  ultrasonic  applications. 


To  form  an  acoustical  hologram  the  phase  and  amplitude  of  the  acoustical  wavefront  over  an  aperture 
must  be  recorded  by  means  of  interference,  with  an  appropriate  reference  wavefront.  Since  a  linear  output 
is  obtained  from  a  piezoelectric  detector  which  can  be  scanned  across  the  aperture,  a  real,  acoustical 
reference  wave  is  not  necessary  because  the  phase  of  the  sampled  field  is  directly  available.  For  example, 
interference  with  a  plane  reference  wave  may  be  simulated  by  sampling  the  field  at  temporally  selected 
points  which  advance  cyclically  with  respect  to  the  phase  of  the  transmission  wave  in  linear  fashion  across 
the  aperture  (Fig.  4) .  Suitable  circuitry  will  enable  the  angle  of  the  "simulated  reference"  to  be  changed 
with  respect  to  the  aperture  and  wave  propagation  axes  (Fig.  5). 

The  Fourier  spectrum  of  such  a  "skewed"  reference  (Fig.  6)  shows  that  the  spatial  frequencies  about 
which  the  image  information  will  be  centred  do  not  overlap  with  the  aperture  diffraction  arms  at  zero-order 
light;  the  image  information  is  therefore  easily  separated  from  these  by  spatial  filtering. 

Two  conjugate  images  are  formed,  of  course,  and  it  is  necessary  to  inform  the  circuitry  which  di rec- 
tions  in  space  are  the  "forward"  or  "positive"  directions  of  the  aperture  axes;  otherwise,  information  for 
the  real  and  virtual  images  will  be  ambiguous  and  may  be  wrongly  assigned  so  that  these  images  overlap 
wi th  each  other . 

These  complex  functions  have  been  reduced  to  one  circuit  nodule  which  can  be  incorporated  in  a  suitable 
ultrasonic  inspection  system  and  is  shown  schematically  in  Figs.  7  and  8.  The  simple  method  of  deriving 
the  phase  sampling  points  is  independent  of  the  transmission  frequency.  This  facilitates  operation  and  use 
of  the  system  and  also  allows  frequency-modulated  holograms  to  be  constructed  which  can  reduce  speckle 
noise  in  the  subsequent  reconstruction. 

Operation  of  the  unit  is  as  follows.  Transmitted  signals  are  derived  from  a  gated  transmission 
carrier  to  permit  subsequent  time  domain  gating  of  the  received  signal  and  to  reduce  transmission  power 
requi remen ts .  Sampling  pulses  of  a  few  nanoseconds  duration  are  generated  at  a  selected  phase  angle  of  the 
transmission  reference  wave  (Fig.  9).  The  phase  angle  selected  is  changed  cyclically  by  appropriately 
changing  the  synthetic  wave  level  which  is  compared  with  the  rf  ultrasonic  wave  to  generate  the  sampling 
pulses.  Logic  circuitry  corrects  the  selection  sequence  for  spatial  and  temporal /magni tude  ambiguities. 

The  resulting  sequence  of  pulses  is  then  allowed  to  sample  the  received  signal  during  the  time  correspond¬ 
ing  to  the  required  depth  of  field  of  view.  The  sampled  level  is  held  between  each  pulse  to  produce  a 
"phase-ampl i tude  profile"  of  the  ultrasonic  signal  (Fig.  10).  These  "profiles"  are  then  integrated  to 
simulate  the  cw  interference  situation  which  occurs  in  optical  holography  (Fig.  11).  (This  is  not  essential 
if  the  transmission  pulse  is  long  enough  to  encompass  the  complete  object  depth.)  If  the  receiving  trans¬ 
ducer  is  traversed  in  synch ron i sm  wi th  the  synthetic  reference  wave  (or  phase  sampling  increments)  the 
output  of  the  encoder,  after  suitable  amplification  and  biasing,  may  be  considered  as  a  "cross-section" 
through  a  hologram  when  applied  to  a  recording  medium  where  the  recording  point  also  moves  in  synchronism 
with  the  receiving  transducer.  A  hologram  is  thus  obtained  from  the  scan  raster. 

Having  obtained  the  recording,  or  hologram,  the  ultrasonic  wavefront  may  be  reconstructed  by  diffrac¬ 
tion  of  an  optical  reference  wave  by  the  hologram  (as,  for  example,  in  Fig.  13).  In  order  to  do  this  the 
recording  should  first  be  spatially  reduced.  The  simplest  method  is  by  photographic  reauction  to  produce 
a  transparency  which  may  then  be  placed  in  the  coherent  reference  beam  of  a  viewing  system.  The  reduction 
should  be  in  the  ratio  of  the  optical  to  acoustic  wavelengths  used  in  order  to  prevent  any  aberration. 
However,  a  reduction  of  this  magnitude  is  not  usually  possible  resulting  in  depth  distortion,  which  is  not 
generally  a  problem,  and  some  spherical  aberration,  which  may  have  a  small  effect  on  resolution. 

To  obviate  the  photographic  stage,  and  produce  a  real-time  reconstruction  system,  the  hologram  can  be 
written  directly  onto  a  photochromic  film  with  a  scanning  laser  beam  which  is  modulated  by  the  data  from 
the  encoder.  These  data  may  also  be  manipulated  to  enhance  certain  image  characteristics.  For  example, 
the  signal  amplitudes  may  be  logari thmi cal  I y  compressed  which  has  the  effect  of  enhancing  the  contribution 
of  energy  scattered  from  higher  spatial  frequencies  in  the  object  and  hence  intensifying  inage  outlines. 

An  example  showing  a  comparison  between  viewing  different  types  of  fault  radiographically  and 
ul t rasoni cal ly  is  shown  in  Fig.  12. 

2 .2  Matrix  image  formation  by  multiple  scan 

The  advent  of  mini- and  micro-computers  operating  rapidly  and  with  large  storage  capability  has  opened 
up  techniques,  in  addition  to  holography,  for  producing  ultrasonic  images.  The  holographic  technique  can 
still  use  such  computers  for  image  forming  and  as  its  name  implies,  it  stores  the  complete  picture,  but 
other  simpler  techniques  may  ease  the  problems  of  obtaining  the  primary  ultrasonic  information.  One  such 
technique  is  an  ultrasonic  adaptation  of  the  method  used  by  Hounsfield  in  the  whole  body  X-ray  scanner. 

This  assumes  a  narrow  beam  of  radiation  received  by  a  detector  after  passing  through  the  body.  In  one 
scanning  method  the  source  and  detector  are  scanned  linearly  through  a  narrow  slice  across  the  body  and  the 
radiation  intensity  measured  at  intervals  of  approximately  one  beam  width  during  the  scan.  At  each  sample 
point,  therefore,  the  intensity  is  the  result  of  the  sum  of  the  attenuation  at  all  points  in  the  passage  of 
the  beam.  The  source  and  detector  are  then  rotated  around  the  body  to  a  new  position  but  with  the  beam 
still  passing  through  the  same  narrow  slice  one  beam-width  thick.  A  further  linear  scan  is  carried  out 
with  sampling  as  before.  We  can  regard  this  slice  through  the  body  as  divided  into  a  matrix  of  cubes  with 
sides  equal  to  one  beam  width.  Each  of  these  cubes  will  have  been  scanned  twice  and  will  form  part  of  the 
attenuating  path  traversed  by  the  beam  in  two  of  its  sampling  positions.  Typically  100  samples  are  taken 
per  scan  to  give  a  100  x  100  matrix  of  points.  The  source  and  scanner  are  then  rotated  to  a  multiplicity 
of  other  scan  positions,  typically  400  so  that  the  computer  will  have  40,0u0  figures  to  process  each  of 
which  is  the  total  absorption  along  an  individual  path.  The  computer  is  required  to  identify  the  atenuation 
due  to  each  individual  cube  in  the  section  through  the  body  and  hence  build  up  a  picture  of  overall  attenua¬ 
tion  in  the  slice  with  a  resolution  of  one  beam  width.  As  each  slice  of  the  body  is  dealt  with  the  scan 
system  moves  laterally  by  one  beam  width  and  repeats  the  process  for  the  next  slice.  In  practice,  by  the 
use  of  shaped  beams  and  multiple  detectors, the  total  number  of  mechanical  scans  can  be  drastically  reduced. 
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The  computer  carries  out  the  calculations  by  successive  approximation.  The  first  attenuation  reading 

obtained  Is  assumed  to  be  due  to  100  equally  attenuating  elements  in  the  path  of  the  beam.  As  the  scans 

progress,  new  values  will  be  obtained  for  elements  in  the  original  path,  which  i an  then  be  inserted  and 
the  rest  of  the  elements  suitably  adjusted.  The  process  Is  repeated  for  all  40,000  beam  positions  until  a 
distribution  of  attenuation  values  is  found  for  all  elements  which  agrees  wi th  a  I  1  the  recorded  figures 
for  beam  attenuation. 

The  X-ray  system  produces  greatly  Improved  detailed  images  of  the  Internal  parts  of  the  human  body  and 
its  application  to  industrial  problems,  including  rocket  motor  inspection,  is  currently  being  investigated. 
There  seems  no  reason  why  other  forms  of  radiation  than  X-ray  should  not  be  used  and  we  have  started  a 
computer  exercise  to  evaluate  the  use  of  ultrasound  in  a  similar  manner.  There  are  many  additional  problems 
to  be  solved  such  as  the  finite  beam  spread  at  the  frequencies  needed  to  penetrate  rocket  motor  propellant, 
which  may  be  reduced  by  suitable  design  of  receiver  transducer.  Ultrasound  will  also  suffer  refraction, 
reflection  and  mode  conversion  at  boundaries  which  can  confuse  the  result.  This  can  be  at  least  partially 

overcome  by  t i  nr  gating.  Coupling  the  energy  into  the  motor  and  devising  a  scan  which  will  permit  each 

element  to  be  irradiated  by  sufficient  different  beams  is  also  difficult.  The  scan  previously  described 
is  not  however  the  only  one  used  i if  the  X-ray  case  and  a  wide  variety  is  possible  if  the  computer  is 
suitably  programmed. 

An  advantage  with  ultrasound  is  that  attenuation  is  not  the  only  quantity  which  can  be  measured, 
sound  velocity  measured  by  timing  or  phase  being  an  alternative.  This  work  Is  in  too  early  a  stage  for 
its  possibilities  t o  be  gauged,  but  it  seems  sufficiently  promising  to  warrant  investigation. 

2 . 3  Phase  delay  focussing  and  arrays 

The  results  obtained  by  holography  could  be  equalled  using  an  ultrasonic  lens  if  it  were  not  sc' 
difficult  to  employ  in  practice.  The  motor  and  lens  would  have  to  be  immersed  in  a  suitable  fluid  and 
internal  reflections  in  the  lens  system  would  have  to  be  suppressed.  It  has  long  been  realised  that  a 
lens  can  be  simulated  by  inserting  controlled  phase  delays  into  signals  from  suitably  placed  transducers, 
equivalent  to  those  introduced  by  a  lens  in  the  same  positions.  The  technique  has  been  used  effectively 
in  sonar  but  tew  attempts  have  been  made  to  adapt  it  to  ultrasonic  inspection  systems.  Phase  delay  can 
also  he  used  to  deflect  the  polar  diagram  of  an  array  of  transducers,  which  may  be  transmitters,  receivers 
or  a  combination  of  both.  This  car'  best  bo  explained  by  considering  each  element  of  a  linear  array  to  be 
a  source  of  spherical  radiation  in  the  manner  of  the  Fresnel  analysis  of  light  from  an  aperture.  For  thl*« 
to  be  valid,  each  element  must  be  comparable  with,  or  less  than  half  a  wavelength  of  the  ultrasonic 
radiation  used.  If  the  phase  and  amplitude  of  the  signals  exciting  each  element  are  the  same,  a  beam  of 
radiation  with  plane  wave  fronts  will  be  produced  as  in  Fig.  1 4 ,  the  angle  of  deviation  in  the  far  field 
depending  upon  the  combined  ape rt ure  of  all  the  elements.  If  the  phase  of  the  drive  to  each  successive 
element  across  the  array  changes  by  a  constant  amount  the  plane  wavefront  will  be  tilted  and  the  beam 
angled  towards  the  side  with  maximum  delay.  Rapid  scanning  of  the  beam  is  thus  possible  without  mechanical 
movement.  In  practice  the  individual  wavelets  will  reinforce  at  angles  other  than  along  the  axis  of  the 
beam,  so  that  side  lobes  will  be  formed.  This  effect  can  be  reduced  by  "shading"  the  drive,  that  is  by 
varying  the  amplitude  of  the  drive  from  element  to  element  across  the  stack. 

It  the  elements  are  arranged  in  concentric  rings  i n  one  plane  and  maximum  phase  advance  occurs  at  the 
outer  ring  of  elements,  with  the  phase  progressively  retarded  towards  the  centre,  the  array  acts  as  a 
concave  transducer  (Fig.  15).  Bv  suitably  controlling  the  change  of  phase,  the  focus  of  the  array  can  he 
adjusted  as  desired.  If  a  progressive  phase  delay  is  superimposed  on  the  focussing  delays  the  focal  point 
can  be  noved  to  one  side.  It  is  thus  possible  by  programming  the  delays  to  scan  a  three  dimensional  space 
with  the  focal  point  of  the  beam.  This  technique'  offers  particular  advantages  for  examining  bulk  materials 
with  poo r  surface  finish  as  only  one  contact  area  needs  to  be  prepared  for  good  acoustic  coupling.  It  is 
also  of  use  on  relatively  soft  materials,  such  as  rocket  propellants,  where  surface  contours  make 
mechanical  scanning  difficult. 

Kino  at  Stanford  University  is  developing  a  system  using  these  principles  operating  at  3.8  MM.*  which 
will  eventually  use  1 B0  elements  in  a  linear  array.  This  is  carefully  damped  and  matched  into  water,  which 
will  form  the  coupling  material.  Phase  delay  is  used  for  scanning  along  the  array  and  the  complete  array 
is  moved  mechanically  in  the  other  direction.  Sampling  and  digitising  is  .t  16  MM/  into  random  access 
memories  for  each  lenient.  The  outputs  from  each  scan  are  added  and  fed  to  the  display.  The  whole  system 
is  controlled  from  a  mini-computer  including  adjustment  of  phase  delays. 

Our  own  approach,  which  is  in  a  very  early  stage,  has  of  necessity  been  a  little  different  as  we  are 
unable  to  use  water  coupling.  We  are  using  an  A/D  converter  with  a  100  MM/  sampling  rate  to  feed  signal 
information  into  store  in  a  mini-computer.  A  manually  operated  scanner  with  a  single  transducei  can  be 
>«>ved  over  the  specimen  to  he  examined  so  that  the  information  is  gathered  point  by  point.  The  scannei 
feeds  positional  data  for  the  transducer  into  the  computer  as  well  as  signal  data.  Once  all  the  information 
has  been  gathered  the  computer  will  be  able  to  operate  on  it  to  simulate  any  focussed  scan  which  we  wish  to 
.  wh  i  I  s  t  this  is  possible  In  principle  one  must  not  minimise  the  formidable  task  Involved  in  wiitinq 
•  **«•  programmes.  The  next  step,  for  which  an  extramural  research  contract  has  been  initiated,  is  to 
•  ■.tr in  :  arrays  which  can  be  coupled  to  the  complex  shapes  encountered  in  rocket  motor  conduits.  It  is 
.  t  i,*  m  ,m  elei  t  ronical  ly  the  critical  areas  at  the  ends  of  rocket  motors,  particularly  those  under 
. .  •••  s  n«n  b»m»  ts  . 

•  i;  rlnvnt  array  was  developed  under  contract  by  Mullard  in  conjunction  with  PI  RMl  (fig.  16). 

'.i I  I y  intended  for  use  wi  tii  the  holographic  system,  but  can  be  applied  to  any  othei  system 
.  •,  ui.i  lathering  is  required.  This  uses  Individual  3  mm  piezoelectric  cubes  arranged  in  an 

.*f  thin  insulating  strips  to  reduce  acoustic  coupling  between  elements, 

•  *ts  is  i  layer  of  photoconduc t i ve  material  followed  by  a  transparent  conducting 
i  >.*.i  by  a  rotating  mirror  switches  each  element  on  In  turn  to  permit  a  fast  scan. 

.*  •«  .-!•  •  t  switched  systems  is  the  shunting  effect  of  and  Interfering  signals  from 

This  is  overcome  In  tills  application  by  printing  a  series  switch  at  each 
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element  which  Is  shunted  by  the  photoconductor  at  the  "on"  element.  In  addition  each  adjacent  element  to 
the  "on"  element  Is  connected  to  a  shunt  resistor  Incorporated  in  the  area  behind  the  "on"  element.  Thus 
if  stray  light  falls  on  the  adjacent  elements  any  signal  output  is  shunted.  In  practice  it  is  found  best 
to  use  a  fan-shaped  light  beam  to  switch  a  complete  row  of  elements  at  a  time  and  to  use  electronic 
switches  to  select  elements  in  the  row. 

3.  CONCLUSION 


Imaging  systems  offer  a  marked  improvement  over  current  conventional  techniques  in  the  delineation  of 
defects,  particularly  in  large  volumes  of  material  such  as  rocket  propellant.  The  holographic  method 
described  in  this  paper  has  the  advantage  of  parallel  processing  of  information  to  produce  a  near  real  time 
image.  Other  techniques  described  permit  processing  of  information  in  a  variety  of  ways  subsequent  to  the 
acquisition  of  the  information.  Arrays  of  transducers  can  permit  the  electronic  scanning  of  complex  shapes 
without  the  difficulties  involved  in  mechanical  scans,  but  it  is  likely  that  a  combination  of  both  will 
ultimately  be  the  most  sa  t  i  sfac  tory . 

Although  the  principles  of  many  of  these  techniques  have  been  known  for  some  time  it  is  only  in 
recent  years  that  the  advent  of  large  scale  integrated  circuits  and  powerful  mini-and  micro-computers,  at 
reasonable  cost,  has  made  them  feasible. 


(Q  British  Crown  Copyright:  Controller,  Her  Britannic  Majesty's  Stationery  Office,  London  1979 
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FIG.  5  INTERFERENCE  BETWEEN  SIMULATED  SKEW 
REFERENCE  BEAM  AND  NORMAL  INCIDENT 
PLANE  WAVE 


FIG.  6  FOURIER  SPECTRUM  OF  RECTANGULAR  APERTURE  CONTAINING 
A  HOLOGRAM  CONSTRUCTED  USING  A  REFERENCE  BEAM  AS  IN 
FIG  5  (C) 
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FIG.  8  HOLOGRAPHIC  ULTRASONIC  WAVE  ENCODER  (CIRCUIT  SCHEMATIC) 
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FIG.  9  SAMPLING  PULSES  (BOTTOM  TRACE)  GENERATED  WHEN  THE 
REFERENCE  WAVE  IS  COMPARED  WITH  A  VOLTAGE  LEVEL 
THE  SINUSOIDAL  SET  OF  VOLTAGE  LEVELS  IS  SHOWN 
CYCLING  ON  THE  LONGER  TIME  SCALE  (TOP  TRACE) 
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FIG.  ;0  RECEIVED  SIGNALS,  SAMPLING  PULSES  AND  ASSOCIATED  PHASE- 
AMPLITUDE  PROFILES  WITH  THE  TWO  SELECTED  SIGNALS  (a)  IN 
PHASE,  AND  (b)  OUT  OF  PHASE  WITH  EACH  OTHER 
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ILLUSTRATION  OF  THE  FUNCTION  OF  THE  BIPOLAR  INTEGRATOR  FOR 
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13  OPTICAL  SYSTEM  USED  TO  VIEW  RECONSTRUCTED  WAVEFRONTS  DIFFRACTED 
FROM  THE  HOLOGRAMS 
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FIG.  14  FRESNEL  COMPOSITION  OF  LINEAR  WAVEFRONTS 
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FIG.  15  FRESNEL  COMPOSITION  OF  FOCUSED  WAVEFRONTS 
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FIG  16  ULTRASONIC  IMAGE  CONVERTER 


DISCUSSION 


R.L.Derr.  Naval  Weapons  Centre.  US 

Using  the  ultrasonic  imaging  or  holographic  technique,  what  size  of  delect  can  be  detected?  W'hat  are  the  critical 
parameters  that  control  resolution? 

Author's  Reply 

The  resolution  depends  upon  the  wavelength  of  ultrasound  used,  the  effective  size  of  transducer  and  area  of  the 
aperture.  As  a  guide  if  one  takes  a  motor  of  500  mm  diameter,  then  a  frequency  ot  500  KHz  can  be  used  and  a 
defect  of  10  r.im  diameter  can  be  readily  detected. 
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ABSTRACT 

The  generalized  approach  for  solid  motor  development  and  qualification  testing  presented  here  relies 
on  subjecting  motor  components  and  full-scale  units  to  aggravated  load  conditions.  Compared  to  conven¬ 
tional  motor  test  methods,  this  approach  offers  improved  schedules  and  more  efficient  utilization  of  pro¬ 
gram  resources. 

For  a  given  technology  level,  development  program  costs  and  schedules  are  primarily  dependent  on 
the  number  of  test  units.  Aggravated  critical  loads  on  a  smaller  number  of  motors  and  appropriate 
components  can  demonstrate  equal  or  higher  confidence  in  the  operational  design  when  compared  with 
conventional  methods  employing  nominal  loads  and  large  sample  sizes. 

The  rationale  leading  from  actual  motor  life-cycle  requirements  to  development  and  qualification 
test  requirements  is  presented.  Aggravated  load  test  conditions  and  their  derivation  from  system  re¬ 
quirements  using  state-of-the-art  ballistic,  thermochemical,  and  structural  analysis  techniques  are 
discussed. 

The  application  of  the  development  test  approach  to  the  Inertial  Upper  Stage  (IUS)  program  is  de¬ 
scribed.  IUS  life  cycle  requirements  and  test  conditions,  which  are  in  accordance  with  U.S.  Air  Force 
Directives,  are  discussed. 

NOMENCLATURE 


D 

damage  ratio 

distribution  mean 

I 

motor  total  impulse,  lb  sec 

c 

local  induced  strain,  in/in 

KSI 

thousands  of  pounds  per  square  inch 

a 

distribution  standard  deviation 

P 

chamber  pressure,  lb/in2 

Subscrii 

>ts 

R 

reliability 

A 

allowable 

T 

temperature,  *F 

DF 

design  failure  envelope 

V 

case  volume,  in^ 

F 

actual  failure  envelope 

W 

component  weight,  lb 

OT 

overtest  envelope 

X 

grain  response  and  failure  properties 

OTF 

failure  envelope  deduced  from  overtests 

z 

standardized  normal  variate 

S 

service  envelope 

aT 

time-temperature  shift  factor 

SF 

stress  free 

m 

number  of  successful  overtests 

ST 

storage 

t 

storage  time,  minutes 

INTRODUCTION 


The  major  aspects  of  the  Inertial  Upper  Stage  (IUS)  Solid  Motor  Propulsion  Test  Program  are  de¬ 
scribed,  including  the  background  and  rationale  leading  to  the  baseline  test  approach  that  relies  on  over¬ 
testing.  To  establish  the  background  for  the  test  approach  presented,  a  general  description  of  IUS  and 
its  solid  motors  is  given  along  with  a  delineation  of  system,  motor,  component,  and  material  requirements. 

An  overall  perspective  of  the  various  test  phases  and  their  integration  with  each  other  and  with  the 
design  requirements  is  given.  Objectives,  test  approaches,  and  a  summary  of  available  results  of  the 
various  test  phases  are  discussed,  including  their  correlation  with  requirements. 

INERTIAL  UPPER  STAGE 


IUS  DESCRIPTION  AND  REQUIREMENTS 


The  IUS  is  a  two-  or  three-stage  expendable  solid  motor  vehicle  designed  to  perform  earth  orbiting 
and  planetary  missions  after  deployment  from  either  the  Space  Shuttle  or  an  expendable  launch  vehicle 
(Figure  1).  A  large  and  a  small  solid  motor  with  varying  propellant  loads  and  nozzle  configurations  are 
used  as  building  blocks  to  configure  various  mission-unique  vehicles  to  deliver,  over  a  wide  payload 
range,  the  necessary  spectrum  of  energy  requirements.  The  IUS  can  be  used  in  a  three-axis  or  spin- 
stabilized  mode.  Thrust  vector  control  is  provided  by  moveable  motor  nozzles;  vernier  velocity 
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corrections,  roll  control,  and  spinup  are  accomplished  by  a  separate  liquid  monopropellant 
reaction  control  system. 

The  IUS  is  being  designed  to  include  a  set  of  missions  that  includes  existing  as  well  as  planned  and 
projected  payloads.  The  IUS  design-driving  missions  are  the  5000  lb  geosynchronous  and  the  outer 
planet  missions.  The  IUS  is  required  to  be  compatible  with  a  40-ft-long  payload  within  the  60-ft-long 
Space  Shuttle  cargo  bay  and  was  designed  to  perform  tandem  Orbiter  missions  with  payload  lengths  of 
15  ft  each  within  the  Orbiter  payload  capability  of  65,000  lb.  The  maximum  allowable  IUS  steady-state 
free-flight  acceleration  for  small  payloads  is  5  g;  this  is  equal  to  the  maximum  acceleration  incurred 
during  Orbiter  ascent.  The  IUS  must  withstand  ascent  loads  of  6  g  steady-state  acceleration,  and  1.1  g 
(rms)  vibration  when  combined  with  thermal  loads  corresponding  to  temperatures  between  43*F  and  82*F 
and  preceded  by  5-year  storage  and  handling  loads.  The  overall  IUS  mission  reliability  is  required  to 
be  0.96  or  greater.  Payload  and  Orbiter  contamination  due  to  IUS  operation  is  to  be  minimized. 


The  stage  and  motor  designs  which  meet  the  foregoing  system  requirements  were  established  in  the 
IUS  definition  phase  through  a  multiple  variable  optimization  procedure  subject  to  various  system,  pro- 
gram,  and  technology  constraints.  The  solid  motor  test  requirements  were  derived  primarily  from  the 
IUS  environmental,  performance,  and  reliability  requirements. 


IUS  SOLID  MOTOR  DESCRIPTION  AND  REQUIREMENTS 


The  principal  IUS  solid  motor  design  features  are  short  length,  high  mass  fraction,  high  nozzle 
expansion  ratio,  long  burning  time,  low  thrust,  and  high  total  impulse  flexibility  (Figure  2).  The  de¬ 
signs  incorporate  current  state-of-the-art  design  concepts  and  materials.  The  fully  loaded  large  and 
small  solid  motors  contain  21,400  lb  and  6,  000  lb  of  propellant,  respectively.  Both  can  be  offloaded  be- 
tween  0  and  50  percent  to  comply  with  specific  mission  requirements  within  60  days  of  the  launch  date. 
The  nozzle  expansion  ratio  for  the  large  and  small  motor  can  be  preselected  between  28  and  59,  and  at  4  7 
and  173,  respectively.  The  large-motor  expansion  ratio  variation  is  accomplished  by  truncating  the 
long  contoured  nozzle.  The  small-motor  expansion  ratio  variation  is  accomplished  by  the  removal  or 
adoption  of  a  two-segment  extendible  carbon/carbon  exit  cone  kit.  Additional  motor  parameters  are 
given  in  Table  1  (Ref.  1).  The  overall  motor  length  for  the  large  motor  varies  between  101  and  131 
inches;  the  small  motor  is  76  inches  long.  The  short  motor  lengths  were  achieved  by  incorporating  low 
length-to-diameter  cases  (L./D  =  0.86  and  0.  78  for  the  large  and  small  motor,  respectively)  and  by  sub¬ 
merging  the  high  initial  expansion  angle  nozzles  to  18  and  16  percent  of  their  total  case  lengths, 
respectively. 

High  performance  materials  were  used  to  attain  high  motor  mass  fractions.  The  case,  including 
skirts,  is  made  of  a  high  effective  fiber  strength  (3.2  X  10^  psi)  Kevlar  composite  incorporating  a  rigid 
resin  system.  The  nozzle  consists  of  an  integral  three-dimensional  carbon/carbon  throat  section  and  a 
two-dimensional  carbon/carbon  rosette  exit  cone.  The  insulation  is  a  low-density,  silica-loaded, 
ethylene  propylene  dimethyl  monomer  (EPDM)  rubber.  The  propellant  is  a  hydroxyl  terminated  poly¬ 
butadiene  (HTPB)  formulation  with  86  percent  solids  and  a  low  burning  rate  (0.28  in/sec  at  1000  psi). 

The  propellant  is  common  to  both  motors.  The  grains  have  large  web  thicknesses  to  provide  the  long 
burning  times  of  140  sec  for  the  large  motor  and  96  sec  for  the  small  motor.  To  facilitate  propellant 
offload  flexibility,  the  grains  have  a  simple  tubular  port  which  is  machined  to  achieve  the  desired  pro- 
pellant  weight.  The  corresponding  pressure-time  traces  for  both  motors  are  progressive-regressive 
with  a  maximum  expected  operating  pressure  (MEOP)  of  980  psi  (Figure  3). 

Aside  from  the  noted  nominal  performance  requirements,  it  is  necessary  that  the  total  impulse  un- 
certainty  not  exceed  0. 7  percent  of  the  nominal  value  over  the  required  operating  and  qualification  con¬ 
ditions.  The  motors  must  successfully  perform  with  a  reliability  of  0.995  after  exposure  to  complete 
life  cycle  loads  which  include;  (a)  manufacture;  (b)  2,  600  miles  of  overland  transportation  and  handling; 

(c)  long-term  storage  between  43'  and  82°F;  (d)  short-term  storage  between  23'  and  102'F;  (e)  ascent 
acceleration,  vibration  and  shock;  (f)  exposure  to  space  environment  up  to  seven  days  in  the  Space  Shut¬ 
tle  bay  and  10  hr  in  free  flight,  and  (g)  fire  in  vacuum. 

TEST  PROGRAM 

OVERVIEW 

The  overall  IUS  solid  motor  test  program  includes  five  test  phases,  each  supporting  a  unique  pro¬ 
gram  milestone-  The  first,  or  definition,  phase  supported  the  IUS  motor  sizing  and  optimization;  this 
was  followed  by  the  second,  or  validation,  phase  to  support  the  preliminary  design.  Phase  three,  the 
development  phase,  currently  under  way,  supports  the  final  design.  The  motor  qualification  and  opera¬ 
tional  phases  will  follow  upon  successful  completion  of  the  development  phase. 

Definition  phase  testing  consisted  of  limited  laboratory  and  subscale  tests,  the  results  of  which,  when 
augmented  by  related  industry  data,  were  used  to  establish  the  appropriate  sensitivities  and  constraints 
in  the  motor  sizing  optimization.  In  addition,  these  early  data  were  used  to  evaluate  and  rank  the  tech¬ 
nical  risk  associated  with  various  motor  components  and  design  features,  and  to  plan  subsequent  risk 
reduction  efforts. 

The  tests  in  support  of  the  preliminary  design,  conducted  during  the  validation  phase,  consisted  of 
prototype  case  and  nozzle  tests  and  a  prototype  full-scale  motor  test. 


During  the  development  phase,  the  test  program  will  consist  of  the  final  characterization  of  all 
miterials,  the  testing  of  five  large  and  eight  small  full-scale  motors,  including  two  small-motor  spin 
firings,  case  burst  tests,  and  nozzle  overtests.  One  motor  of  each  size  will  be  subjected  to  overtest 
conditions.  The  overall  objectives  of  this  phase  are  to  develop  and  demonstrate  the  final  motor  design 
and  corresponding  manufacturing  approaches  that  will  meet  the  motor  qualification  and  subsequent  opera¬ 
tional  requirements  with  high  reliability. 
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The  qualification  test  program  will  consist  of  six  large-motor  and  seven  small -motor  tests,  including 
one  spin  firing  test.  The  qualification  test  articles  will  meet  flight  unit  configuration  and  quality  in  all 
respects.  Two  motors  of  each  size  will  be  subjected  to  overtest  loads.  The  overall  objectives  of  the 
qualification  test  program  are:  (a)  to  demonstrate  that  nominal  performance  requirements  are  met;  and 
(b)  to  show  that  the  corresponding  observed  random  variations  are  consistent  with  dispersed  operational 
performance  requirements.  The  qualification  test  program  results  must,  in  addition,  allow-  the  deduc¬ 
tion  of  whether  or  not  allocated  reliabilities  will  be  met. 

The  tests  that  are  part  of  the  operational  phase  consist  of  flight  motor  acceptance  and  flight  readiness 
tests.  The  objectives  of  the  operational  tests  are  to  ensure  that:  (a)  at  the  time  of  delivery,  acceptable 
units  become  part  of  the  IUS  motor  inv  itory,  and  (b)  at  the  time  of  launch,  the  units  are  flightworthy. 

Because  of  the  large  potential  payoff  in  cost  and  schedule  through  a  reduced  sample  size,  overtest¬ 
ing  at  the  component  and  motor  level  is  planned  for  the  IUS.  From  the  point  of  view-  of  establishing  mo¬ 
tor  performance,  such  a  sample  size  reduction  is  tolerable.  A  general  outline  of  the  overtest  approach 
to  be  implemented  is  as  follows. 

OVERTEST  APPROACH 

Overtests  of  various  types  are  used  in  many  fields  to  attain  confidence  in  particular  service  units. 

Two  generic  overtest  approaches,  one  which  attempts  to  define  the  failure  envelope  and  one  w'hich 
attempts  to  extend  the  non-failure  envelope,  are  common.  For  IUS,  the  latter  approach  was  chosen  for 
the  nozzle  and  motor  overtests.  This  selection  was  made  primarily  because  of  the  limitation  of  attribute 
testing,  the  large  theoretical  design  margins  (i.e.,  the  failure  envelope  is  significantly  removed  from 
the  service  envelope),  and  because  of  the  large  number  and  complexity  of  nozzle  and  solid  motor  failure 
modes.  In  such  complex  situations,  it  is  necessary  to  pay  special  attention  that,  by  aggravating  in- 
service  conditions,  no  new  critical  failure  modes  are  introduced  which  are  not  pertinent  to  in-service 
application.  By  keeping  overtest  conditions  to  a  minimum  (i.e.,  restricting  them  to  perturbations  of  the 
service  loads),  the  risk  of  introducing  irrelevant  failure  modes  and  the  risk  of  accepting  a  false  overtest 
hypothesis  is  minimized.  For  the  motor  case,  since  among  other  reasons  it  lends  itself  to  variate  test¬ 
ing,  the  failure  envelope  will  be  defined  through  conventional  burst  tests.  A  second  criterion  against 
which  ove-tests  must  be  evaluated  is  the  condition  that,  by  increasing  test  parameters,  the  probability 
of  failure  at  least  in  the  most  critical  failure  mode  is  increased.  Considering  the  above,  it  is  apparent 
that  a  prerequisite  for  a  good  overtest  is  a  good  analysis. 

The  advantage  of  overtesting,  when  compared  to  conventional  service  level  tests,  is  an  increase  in 
confidence  in  the  allocated  reliability  at  service  life  loads  and  an  improvement  of  insight  in  the  function¬ 
ing  of  the  unit  itself  at  a  reduced  sample  size  and  test  period.  The  degree  of  this  improvement  is  directly' 
related  to  the  number  and  degree  of  the  overtests.  Even  though  the  'election  of  the  overtest  sample  size 
and  conditions  is  subjective,  solid  motor  overtesting  can  yield  significant  schedule  and  cost  payoffs.  The 
specific  overtest  sample  size,  overtest  conditions,  and,  therefore,  in  an  indirect  manner,  the  desired 
overtest  payoff,  are  selected  through  statistical  inferences  considering  the  risk  of  false  acceptance  of  a 
specific  design  and  the  risk  of  overtest  failure.  To  accomplish  the  overtest  selection  for  the  simplest 
example,  several  assumptions  are  necessary.  First,  it  is  prudent  to  assume  that  all  parameters  perti¬ 
nent  to  overtest  response  and  failure  are  normally'  distributed.  Based  on  historic  data  this  assumption 
is  not  unreasonable  for  the  principal  parameters  of  concern.  Second,  it  is  assumed  that  the  variances 
of  the  pertinent  response  and  failure  properties  are  given  by  the  corresponding  variances  of  appropriate 
subscale  test  devices.  This  assumption  is  reasonable  since  it  has  been  demonstrated  that  the  response 
and  failure  variances  of  special  test  specimens  and  subscale  devices  under  the  same  failure  modes  are 
similar.  Third,  it  is  assumed  that,  in  establishing  an  overtest,  the  uncertainties  in  analysis  for  simple 
loads  with  given  material  properties  for  the  specific  unit  can  be  treated  as  a  bias;  for  combined  loads  a 
weighted  root  mean  square  value  is  assumed  to  be  appropriate.  Fourth,  it  is  necessary  to  assume  that, 
because  of  the  design  factor  of  safety,  a  significant  separation  between  service  and  actual  failure  en¬ 
velopes  exists.  Finally  it  is  assumed  that  one  failure  mode  and  criterion  is  dominant. 

Under  the  foregoing  conditions  it  is  possible  to  estimate  the  expect  d  reliability  of  service  units, 
given  a  number  of  successful  overtests.  The  lower  bound  of  the  probability  of  no  failure  indicated  by  m 
successful  overtests,  at  overtest  conditions,  is  (Ref.  2) 

R  =  1 - i-r  (11 

m  f  1  v 

Given  this  estimated  reliability  value,  the  standard  deviation  of  the  selected  failure  property',  and  the 
distribution  function  of  the  corresponding  overtest  response,  the  mean  of  the  failure  envelope  that  can  be 
deduced  from  the  overtests  is  estimated  from  the  normal  variate  Z  (Ref.  3). 
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where  the  factor  1.05  accounts  for  the  uncertainty  in  the  response  analysis.  With  the  so  determined 
failure  envelope  and  the  given  service  load  envelope,  the  reliability  for  service  units  can  be  deduced  as 
indicated  by  Eq.  (2).  The  confidence  in  the  deduced  reliability  can  be  improved  byr  introducing 
statistics  for  small  sample  sizes,  multiple  failure  modes,  and  improved  estimates  of  the  variances. 
The  computational  technique  is  illustrated  in  Figure  4.  The  estimated  failure  envelope,  as  de¬ 
duced  from  three  successful  overtests  and  the  given  service  load  envelope  of  the  example,  yields 
a  service  unit  reliability  of  0.994.  To  demonstrate  this  value  of  reliability'  with  tests  at  the 
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service  stress  level,  165  successful  tests  would  be  required.  The  potential  therefore  exists  that  three 
18  percent  overtests  yield  as  much  information  as  165  nominal  tests,  significantly  impacting  cost  and 
schedule.  Although  the  indicated  calculation  can  be  refined  by  introducing  small-number  statistics,  con¬ 
fidence  levels,  etc.,  which  will  reduce  the  indicated  payoff,  it  is  apparent  that  overtesting  has  a  high 
potential  solid-motor  development  payoff.  It  should  be  noted  that  the  failure  criterion  can  consist  of  a 
single  variable,  as  in  the  above  example,  or  of  a  multivariate,  as  in  cumulative-damage  theory. 

DEFINITION  PHASE  TESTING 


The  test  results  of  this  IUS  test  phase,  when  combined  with  related  industry  data  and  experience  at 
the  same  technology  level,  were  used  to  establish  sensitivities  and  constraints  for  use  in  sizing  the  IUS 
solid  motors.  The  related  industry  data  which  played  a  significant  role  in  establishing  the  IUS  motor 
design  point  were  obtained  from  advanced  development  programs  funded  by  the  Air  Force  Rocket  Pro¬ 
pulsion  and  Materials  Laboratories. 

To  support  nozzle  sizing  and  performance,  an  abbreviated  thermochemical  characterization  of  two- 
and  three-dimensional  carbon/carbon  materials  was  performed  (Ref.  4).  Samples  of  candidate  carbon/ 
carbon  materials  were  subjected  to  plasma-arc-heated  reactive  gases  (H2,  CO2,  H^O,  etc.)  represen¬ 
tative  of  propellant  combustion  products.  From  the  measured  specimen  mass  loss  rate,  surface  tem¬ 
perature,  and  local  plasma  arc  gas  conditions,  the  necessary  thermochemical  parameters  were  obtained 
to  allow  computation  of  local  carbon/carbon  recession  rate  and  in-depth  heat  conduction  sensitivity  to 
full-scale  motor  chamber  pressure,  burning  time,  and  local  aerothermal  conditions  used  in  motor 
sizing.  Because  of  the  expected  long  motor  burning  times,  the  lack  of  experience  with  nozzles  having 
long  burning  times,  and  the  relatively  poor  agreement  between  available  nozzle  erosion  data  and  the 
predicted  recession  using  the  above  indicated  thermochemical  data,  the  IUS  nozzles  were  classified  as 
the  motor  component  having  the  highest  technical  risk.  Mechanical  properties  used  in  the  nozzle  sizing 
effort  were  limited  to  nozzle  substructure  materials  that  were  readily  available.  A  nozzle  weight  ef¬ 
ficiency  goal  of  I/W  =  3,5  V  10^  sec  was  established. 

The  motor-case  sizing  constraints  and  performance  were  established  using  Kevlar  flat  laminate  and 
subscale  pressure  vessel  data.  Flat  laminate  test  results  primarily  supplied  Kevlar  composite  response 
properties;  the  6-in.  and  18-in.  pressure  vessels  yielded  Kevlar  composite  failure  properties.  The  flat 
laminate  and  the  6-in.  vessel  specimens  were  standard  American  Society  for  Testing  Materials  (ASTM) 
specimens,  while  the  18-in.  vessels  exhibited  anticipated  full-scale  case  design  features.  Skirt  failure 
properties  were  obtained  from  related  program  data.  The  data  from  the  indicated  tests,  data  from  re¬ 
lated  programs,  and  data  for  conventional  materials  served  to  establish  the  necessary  sensitivities  and 
constraints.  A  case  weight  efficiency  goal  of  PV/W  =  1.3  X  10  in.  was  established. 

The  propellant  testing  necessary  to  establish  the  required  motor  sizing  parameters  included  determi¬ 
nation  of  specific  impulse,  internal  ballistics,  and  propellant  and  bond  mechanical  properties.  The  pro¬ 
pellant  specific  impulse  of  the  selected  formulation  was  determined  by  firing  standard  Bates  motors 
having  a  2-in.  throat  and  20  lb  of  propellant.  The  result  included  propellant  vacuum  specific  impulse 
at  three  expansion  ratios.  The  necessary  ballistic  data  were  obtained  by  testing  4-lb  ballistic  test  mo¬ 
tors  over  the  necessary  pressure  and  temperature  ranges.  Finally,  an  abbreviated  propellant  and  bond 
mechanical  properties  characterization  was  performed  using  standard  Joint  Army-Navy-NASA-Air  Force 
(JANNAF)  propellant  and  bond  specimens.  Typical  mechanical  property  data  used  to  establish  grain, 
case,  and  nozzle  design  constraints  are  shown  in  Table  2. 

VALIDATION  PHASE  TESTING 

The  testing  during  an  18-month  validation  phase  was  conducted  to  support  the  preliminary  motor 
design.  Tests  were  limited  to  (a)  material  tests  necessary  to  support  design  analysis  and  (b)  to  proto¬ 
type  component  and  full-scale  motor  tests  which  were  identified  as  requiring  a  reduction  in  technical 
risk  before  committing  to  full-scale  development. 

The  material  testing  to  support  design  analysis  included  a  complete  characterization  of  the  propellant 
and  abbreviated  characterizations  of  case  Kevlar  composite,  nozzle  carbon/carbon,  and  insulation  mate¬ 
rials.  The  test  specimens  and  the  test  data  analysis  generally  reflected  industry  standards;  test  condi¬ 
tions  spanned  IUS  requirements. 

The  propellant  characterization  included  ballistic,  performance,  combustion  stability,  and  thermal 
and  mechanical  properties  testing.  The  ballistic  tests  consisted  of  4-lb-burning- rate  motor  tests  under 
spinning  and  non-spinning  conditions.  Liquid  and  solid-strand  burning  rate  tests  supplemented  the  bal¬ 
listic  motor  tests.  The  performance  tests  included  window  bomb  tests  to  determine  aluminum  aglomera- 
tion  and  Bates  motor  tests  to  determine  vacuum  specific  impulse. 

Standard  T-burner  and  rotating  valve  tests  were  conducted  from  which  the  propellant  combustion 
response  function  was  derived.  The  thermal  properties  included  specific  heat,  conductivity,  and  auto¬ 
ignition  temperature.  Propellant  and  bond  failure  properties  under  uniaxial,  biaxial,  and  triaxial  condi¬ 
tions  were  established  over  broad  spectrum  constant  rate,  constant  load,  and  constant  strain  values. 
Through  the  use  of  the  time-temperature  shift  criterion,  failure  properties  over  about  ten  decades  in 
strain  rate  and  time  to  failure  were  obtained.  The  response  properties  included  broad- spectrum  relaxa¬ 
tion  modulus,  the  coefficient  of  thermal  expansion,  and  Poisson's  ratio.  The  age- sensitivity  of  both 
failure  and  response  properties  was  determined  under  accelerated  and  natural  aging  conditioning. 

The  abbreviated  Kevlar  composite  and  two-  and  three-dimensional  carbon/carbon  material  char¬ 
acterization  consisted  of  pertinent  failure  and  response  properties  at  ambient  and  elevated  temperatures. 

The  characterization  of  insulation,  in  addition  to  parent  material  mechanical  properties,  also  in¬ 
cluded  insulation-to-case  bond  properties,  thermal,  and  erosion  properties.  Insulation  erosion  data 
were  obtained  by  subscale  motor  tests  using  the  IUS  propellant. 


The  prototype  component  and  full-scale  motor  testa  aimed  at  reducing  the  highest  IUS  propulsion 
development  risks  included  four  prototype  full-scale  sea  level  nozzle  tests,  burst  test  of  one  heavy¬ 
weight  case,  and  the  test  of  one  full-scale  prototype  motor  at  vacuum. 

The  full-scale  nozzle  component  test  program  consisted  of  two  material  evaluation  tests  and  two 
nozzle  design  demonstration  tests.  The  throat  materials  evaluated  included  pyrolytic  graphite  washers, 
high-density  fine-weave  carbon  fiber  carbon/carbon  from  two  suppliers,  and  coarse-weave  graphite 
fiber  carbon/carbon.  The  exit  cone  material  was  a  two-dimensional  rosette  lay-up  carbon/carbon.  The 
first  two  nozzle  tests  with  primarily  material  evaluation  objectives  were  conducted  for  about  50  percent 
of  the  required  burning  time.  The  next  two  tests  were  full-duration  nozzle  design  demonstration  tests 
which  incorporated  all  critical  aspects  of  the  nozzle  substructure.  The  overall  results  showed  that  the 
low-cost  carbon  fiber  in  a  coarse  weave  meets  IUS  requirements. 

The  full-scale  prototype  motor  and  supporting  case  burst  tests  were  conducted  to  demonstrate  full- 
scale  motor  performance  and  ballistics,  as  well  as  case-grain  and  fixed  nozzle-motor  interactions. 

The  results  indicated  good  material,  performance,  and  ballistic  responses  (Ref.  5).  The  case-grain 
and  nozzle-motor  interactions  observed  were  acceptable  but  not  predicted;  the  case  growth  in  the  dome 
shoulder  region  was  less  than  predicted,  and  the  nozzle  nose  erosion  was  greater  than  predicted.  The 
principal  test  results  are  summarized  in  Table  3. 

DEVELOPMENT  PHASE  TESTING 

The  testing  of  this  phase  is  under  way  and  is  intended  to  support  the  final  designs  of  the  large  and 
the  small  motor.  The  rationale  leading  to  the  overall  development  program  was  subject  to  several  ob¬ 
jectives  and  corresponding  ground  rules,  the  most  pertinent  of  which  are  as  follows. 

The  principal  objective  of  the  development  program  is  to  bring  the  motor  designs  to  a  level  of 
maturity  such  that  proceeding  with  the  qualification  progra;n  is  low  risk;  this  is  to  be  accomplished  at 
minimum  cost.  Aside  from  catastrophic  failures  or  major  design  deficiencies,  development  cost  is 
primarily  dependent  on  the  number  of  development  test  units;  for  this  reason,  the  number  of  motor  tests 
was  kept  to  a  minimum.  However,  in  order  to  achieve  development  test  and  overall  program  objectives 
at  an  acceptable  confidence,  the  overtest  philosophy  outlined  earlier  was  adopted. 

In  the  development  motor  test  sequence,  the  early  tests  incorporate  simple  and  milder  loads,  while 
the  later  tests  involve  combined  and  more  severe  loads.  The  stepwise  approach  is  expected  to  allow 
more  confident  diagnosis  and  correction  of  design  weaknesses. 

Given  the  successful  prototype  nozzle  and  motor  tests  of  the  previous  phase  and  the  need  to  support 
the  motor  tests  of  this  phase,  early  testing  is  concentrated  on  the  motor  case.  A  full  Kevlar  composite 
material  characterization  and  subscale  case  test  program  preceded  full-scale  case  proof,  burst,  and 
skirt  tests.  The  proof  and  burst  test  apparatus  allows  for  controlled  hydraulic  pressurization  and  thrust 
simulation.  The  instrumentation  includes  strain,  deflection,  acoustic  emission  measurements,  and  high¬ 
speed  film  coverage.  The  required  proof  and  burst  test  factors  are  1.05  and  1.25,  respectively. 

The  case  burst  tests  are,  in  effect,  overtests  which  define  the  case  failure  envelope  for  pressure 
loads.  The  1.25  safety  factor  is  such  that  the  probability  of  the  operational  motor  chamber  pressure 
exceeding  the  burst  pressure  is  negligible.  Case  failure  modes  due  to  case-grain  interaction  during 
manufacture  and  operation  are  addressed  at  the  motor  level  and  not  at  the  component  level.  The  proof 
pressure  tests,  which  on  the  small  motor  consist  of  two  cycles  to  allow  appropriate  nozzle  alignment, 
serve  as  case  acceptance  tests. 

The  skirt  test  apparatus  allows  for  simultaneous  application  of  axial,  shear,  and  moment  section 
loads.  The  level  of  instrumentation  is  comparable  to  that  for  the  pressure  tests.  A  total  of  three  develop¬ 
ment  burst  tests  and  two  skirt  tests  are  planned  for  each  motor. 

Nozzle  component  tests  are  also  planned  for  the  full-scale  development  phase.  The  tests  are  planned 
as  nozzle  overtests,  one  each  for  the  large  and  small  motor  to  be  conducted  after  about  the  second  full- 
scale  motor  test.  The  nozzle  component  overtests  are  not  tests  to  failure  as  in  the  case  of  motor  cases, 
but  are  component  margin  limit  tests  which  are  intended  to  show  that  the  non-failure  envelope  extends 
beyond  the  service  envelope.  Nozzle  component  overtests  have,  for  various  reasons,  not  been  routinely 
performed  in  the  past.  However,  the  tests  are  warranted  because  the  nozzle  technical  risk  is  significant 
and  because,  in  the  past,  most  solid  motor  failures  in  qualification  and  flight  have  resulted  from  nozzle 
failures . 

The  planned  nozzle  overtest  approach  specifically  addresses  thermal-load-induced  structural  failure 
modes  early  in  the  test,  and  failure  modes  late  in  the  firing  resulting  primarily  from  combined  thermal 
and  pressure  loads  when  material  properties  have  degraded.  The  overtest  conditions  will  be  established 
from  time-dependent  finite  element  stress  and  strain  responses  and  corresponding  failure  criteria  using 
response  and  failure  properties  for  the  actual  materials.  The  two  specifically  considered  failure  modes 
are  the  thermal-stress-induced  cracking  of  the  three-dimensional  carbon/carbon  material  early  in  the 
firing,  and  the  mechanical-stress-induced  cracking  near  the  two-  and  three-dimensional  carbon/carbon 
interface  late  in  the  firing.  The  indicated  overstress  conditions  will  be  generated  by  testing  the  nozzle 
in  a  test  vehicle  with  IUS  propellant  that  will  generate  a  pressure  time  trace  similar  to  that  shown  in 
Figure  5.  The  nozzle  flow  field  will  be  simulated  by  retaining  internal  geometric  similarity;  vectoring 
conditions  will  be  simulated  by  a  constant  cant  angle.  The  projected  best-estimate  percent  of  overtest 
(i.e.,  the  fraction  of  overtest  load  increase  over  the  nominal  service  load)  for  the  early  throat  insert 
failure  mode  is  20  percent  and  for  the  later  interface  failure  mode  is  25  percent.  The  potential  payoff 
for  IUS  of  one  successful  overtest  is  estimated  to  be  equal  to  four  nozzle  tests  at  service  conditions. 
Although  only  two  failure  modes  are  specifically  considered,  most  other  nozzle  failure  modes  (including 
thermochemical  modes)  are  also  aggravated  and  will  be  evaluated.  The  extent  to  which  confidence  in 
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!li«*  design  .uul  uo/.4ie  reliability  w  .in  improved  uui  be  determined  by  inspectivin  of  post-test 

hardware  and  comparison  ol  Actual  tempo  future  ami  strain  mcaiu  lenient »  obtained  fr<*m  ovnrtmt  ami 
full  «i  ale  motor  tent  data. 

I'be  lull-  »i  ale  motor  development  teMt  program  i  ou»i»t»  of  a  total  of  five  large  ami  eight  Minall  mo¬ 
tor  t e m t m  .  Fxcept  tor  establishing  motor  •pin  capability  « >i i  the  Minall  motor,  the  teMt  sequent  e  for  both 
the  large  and  Minall  motor  teMt  program*  i*  similar. 

C  onditionM  which  *pecifically  played  a  part  in  Mcbeiluling  the  full-scale  ilevelopment  motor  firing* 
included  UMe  of  heavyweight  motor  cases  and  m  mu  lat  i  on  on  early  firing*  to  reduce  case-gram  interaction 
and  to  account  for  potential  balliMtic.  ca*e,  and  in*ulation  anomalie*.  The  no/.slr  vectoring  duty  cycle 
wa*  aero  tor  the  fir*t  teat,  wa*  limited  to  one  plane  for  the  »ecoml  te*t,  and  will  be  a  full  duty  cycle 
tor  aubaequent  teMt*.  Hu*  test  sequence  allow*  for  a  more  confident  dete nninat ion  of  inaulation  and 
noaale  material  performance  and  allow*  for  better  overall  analytical  t  ractability .  I'he  early  develop¬ 
ment  motor*  will  be  expoaed  to  limited  envi ronmental  load*;  only  tin*  final  development  motor  will  be 
expoaed  to  a  lull  qualification  te*t  loail*  cycle  including  overte»t  condition*. 

Ihr  *pecific  development  teat  order,  condition*,  objective*,  and  data  are  summarised  in  Table  4. 

I  he  background  and  rationale  which  lead  to  the  »pecifii  overtest  te*t  requirement*  were  derived  tram 
qualification  requirement*  and  are  di*cu**ed  in  the  following  Hection.  All  tull-»cale  motor  firing  test* 
will  be  conducted  in  a  te*t  cell  near  vacuum.  All  te*t  requirement*  except  for  the  prolonged  motor 
cold-  mo  a  U  and  no/ale  exit  cone  cold-soak  are  within  the  routine  te*ting  capability  of  the  Arnold  Kngincer- 
mg  and  development  t  enter  (AKDC)  (Kef.  t>).  T’xcept  for  plume  breakoff  flow  sampling,  the  iu*t  rumen* 
tati  »n  in  standard  consisting  ot  temperature,  high  anil  low  frequency  pressure,  strain,  accele  rat  ion,  anil 
mu’ ticomponent  thrust  transducer*.  The  exhaust  will  be  sampled  by  special  collector*  to  determine  the 
pt  tine  c ontamination  potential  in  flight. 

OILM.1V  IF  AT  ION  PHASF  ITS  11NG 

The  motor  qual ification  phase  will  consist  of  tests  of  six  large  and  seven  small  motors.  The  test 
motor*  will  in  every  way  be  configured,  manufac tu red,  and  controlled  like  flight  motors.  All  (light 
motor  acceptance  tests  will  be  performed  on  qualification  test  units.  The  qualification  test  sequence  is 
inverse  to  that  of  the  development  phase:  motors  with  the  most  severe  load  life  i  vcle  are  tested  first; 
those  with  less  aggressive  conditions  are  tested  last. 

The  principal  qualification  program  performance  objectives  are  to  show  that  the  delivered  mean 
motor  performance  meets  IUS  requirements  at  the  required  confidence  level  and  that  the  demonstrated 
variation  is  consistent  with  the  design  dispersion.  From  a  reliability  point  of  view,  the  qualif ication 
program  is  intended  to  show  that  flight  motors  will  perform  within  the  allocated  reliability  when  sub¬ 
jected  to  service  requirements  which  are  less  severe  than,  qualification  requirements. 

The  overtest  conditions  of  particular  interest  are:  the  static  testing  of  motors  „*.0*F  higher  anil 
lower  than  the  operational  temperatures;  the  prolonged  storage  at  the  upper  and  lower  qualification  tem¬ 
perature  limits;  the  vibration  at  two  times  the  flight  vibration  requirement;  and.  the  t ransportat ion  loads. 
Although  the  .’0*F  qualification  temperature  margin  and  the  prolonged  hot  and  cold  soak  times  apply 
primarily  to  grain  integrity,  the  no/./.le  and  case  simultaneously  incur  overtest  loads.  The  vibration 
and  t ranspo rtation  loads  ipply  to  all  motor  components. 

The  *!0#F  qualification  test  temperature  margin  first  allows  for  errors  in  the  predicted  flight  motor 
bulk  temperature  as  required  by  Government  guidelines  (Kef.  «’)  but,  just  as  important,  it  introduces 
overtest  conditions.  Grain  integrity  is  the  principally  affected  component.  Grain  integrity  or  reliability 
is  typically  determined  by  cumulative  damage  approaches,  with  the  damage  at  failure  taken  as  100  per¬ 
cent  (Kefs.  9).  The  overtestmg  for  ll»S  is  established  and  evaluated  by  the  application  of  the  linear 
* t  rain- rate -dependent  cumulative  damage  (i.e.,  the  propellant  and/or  bond  damage  due  to  simultaneous 
and/or  sequential  loads  at  various  strain  rates  are  additive).  The  IUS  grain  geometry*  propellant 
response  properties,  and  propellant  and  bond  failure  properties  are  such  that  the  motor  is  bond-stress- 
critical  and  the  thermal  and  firing  damages  are  monotonically  increasing  function*  with  decreasing  tem¬ 
perature  between  70*  and  .’0*F.  Motor  tests  at  ,’.VK  are  therefore  appropriate  conditions  for  grain  over- 
tests  of  tiie  most  critical  failure  modes.  For  the  tests  at  the  upper  temperature  regime,  analogous 
arguments  apply  but  at  a  different  location  of  the  failure  envelope.  I'est - est imate  grain  structural  mar¬ 
gin  differences  of  motors  tested  at  .’  V  F  and  4  l#F  show  that  the  cold  test  reflects  about  a  s  percent  over- 
test  for  otherwise  ideiitn.il  conditions.  Considering  typical  response  and  failure  properties  variation* 
of  about  10  percent  coefficient  of  variation,  this  is  not  particularly  significant. 

A  significant  increase  in  the  percent  of  overtest  is  achieved  by  subjecting  the  motor  first  to  chemi¬ 
cal  aging  through  a  prolonged  hot  soak  period  and  then  tv'  mechanical  aging  by  a  prolonged  cold  soak 
period  just  before  firing.  The  additional  overtest  conditions  are  achieved  .is  a  result  ot  an  upward  shift 
in  the  stress- free  temperature,  a  degradation  in  propellant  properties,  and  an  increased  nechanical 
damage  due  to  the  prolonged  storage  at  the  low  temperature.  The  upper  temperature  soak  conditions, 
which  Include  an  eight-day  exposure  to  humidity,  were  chosen  as  l.‘0  F  for  five  weeks  plus  heat-up  and 
cool-down.  The  temperature  was  selected  since  it  was  shown  that,  up  to  tins  temperature,  no  signifi¬ 
cant  new  post-cure  reactions  are  incurred  when  compared  with  those  at  ambient  temperature.  The  time 
was  selected  based  on  the  Arbenins  reaction  rate  relation  such  that  the  test  time  would  correspond  tv' 
either  overtest  conditions  of  a  new  motor  or  to  a  near-nominal  motor  two  years  of  age. 

Similarly,  the  low  temperature  soak  conditions  of  six  weeks  at  .M*F  were  selected  to  reflect  over¬ 
test  conditions  of  a  new  motor  or  likely  operational  mechanical  damage  resulting  from  two  years  of 
storage.  The  specific  overtest  conditions  were  established  by  summing  the  damages  for  various  loading 
conditions  in  the  form  of  damage  ratios,  l>, 
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where  i  refers  to  a  specific  load  condition  over  which  the  strain  rate  and  temperature  may  be  taken  as 
constant.  The  appropria‘e  response  and  failure  properties  needed  to  compute  D  are  obtained  from  the 
aged  propellant  and  bond  data  at  the  appropriate  reduced  strain  rate,  which  for  the  cold  soak  condition  is 
given  by 


UT  =  tAT  /  aTdT  (4) 

*T 

*ST 

where  t  is  the  cold  storage  time,  «  the  induced  strain,  and  ax  the  time -temperature  (WLF)  shift  factor. 
To  attain  the  maximum  damage,  no  temperature  recovery  will  be  allowed  between  the  cold  soak  and  the 
firing  test.  The  percent  of  overtest  condition  induced  when  the  motor  is  fired  after  exposure  to  the  indi¬ 
cated  hot  and  cold  conditions  is  about  20  percent.  The  potential  payoff  for  IUS  of  three  successful  over¬ 
tests  is  estimated  to  be  equal  to  ten  successful  tests  at  service  level  conditions.  When  other  life  cycle 
loads  such  as  vibration,  handling,  and  transportation  are  introduced  between  the  hot-  and  cold-soak 
periods,  additional  overtest  conditions  are  induced  and  can  be  accounted  for  in  terms  of  permanent  dam- 
age.  Thermal  cycling  is  not  emphasized  in  the  IUS  test  program;  only  one  motor  will  be  thermal  cycled. 
Thermal  cycling  is:  (a)  not  a  significant  load  cycle  of  the  total  IUS  life  cycle;  and  (b)  a  meaningful  num¬ 
ber  of  thermal  cycles  are  not  consistent  with  the  development  schedule.  As  indicated  earlier,  the  quali¬ 
fication  motor  test  sequence  was  scheduled  in  the  reverse  sense  when  compared  with  the  development 
program  in  that  the  motors  with  the  most  aggressive  loads  will  be  tested  first  and  those  with  the  less 
demanding  environments  will  be  tested  last.  With  this  schedule,  the  cost  impact  of  a  qualification  failure 
and  the  probability  of  successfully  completing  qualification  with  detrimental  motor  design  weaknesses  is 
minimized.  The  two  overtests  of  each  motor  are  scheduled  to  be  performed  first,  followed  by  the  rest 
of  the  motors  covering  the  remaining  operational  loads  regime. 

Although  all  full-scale  motor  tests  are  considered  in  projecting  final  flight  motor  performance,  the 
qualification  testa  are  the  principal  data  base  for  motor  performance.  The  primary  performance  objec¬ 
tives  of  the  development  and  qualification  testing  are  to  establish,  with  high  confidence,  the  mean  total 
and  specific  impulse  values  for  each  motor  and  to  show  that  their  variations  are  consistent  with  the  im¬ 
posed  requirement.  The  mean  impulse  values  will  be  established  as  a  function  of  the  following  motor 
parameters:  propellant  load,  nozzle  expansion  ratio,  propellant  grain  temperature,  and  throat  diameter. 
A  regression  analysis  similar  to  that  described  in  Ref.  10  will  be  used  to  establish  the  necessary  cor- 
relations  and  to  show  that  the  variances  in  the  impulse  values  are  consistent  with  requirements. 

In  addition  to  the  full-scale  motor  tests,  the  qualification  phase  also  includes  laboratory  acceptance 
tests  for  all  major  motor  components.  All  cases  are  proof-tested  to  1.05  MEOP  for  acceptance;  in 
addition,  a  small  witness  bottle  is  burst  for  each  delivered  case.  The  propellant  is  subjected  to  ballistic 
and  mechanical  properties  acceptance  tests  which  cover  various  critical  conditions  to  ascertain  that  spe¬ 
cific  batches  meet  requirements.  The  loaded  motor  is  x-rayed  and  evaluated  against  ballistic  and  struc¬ 
tural  defect  acceptance  criteria.  The  acceptance  tests  for  nozzle  components  will  include  three-  and 
two-dimensional  carbon/carbon  tag  end  testing.  The  final  motor  assembly  is  leak-tested,  and  the  move- 
able  nozzle  is  actuated. 

OPERATIONAL  PHASE  TESTING 

Acceptance  and  preflight  assurance  teste  are  planned  for  the  operational  phase  of  the  IUS  program. 
Acceptance  tests  are  planned  at  the  material  level,  at  the  component  level,  and  at  the  final  assembly 
level.  Preflight  assurance  tests  are  planned  for  the  propellant,  case,  and  for  the  final  motor  assembly. 

The  acceptance  testing  performed  for  flight  units  will  be  the  same  as  that  conducted  for  qualification 
units,  with  the  data  evaluated  against  the  same  accept/reject  criteria. 

The  preflight  assurance  tests  are  limited  to  case,  propellant  and  case- insulation-liner-propellant 
bond.  Just  prior  to  buildup  of  the  stage  small  pressure  vessels,  bulk  propellant,  and  bond  materials  are 
tested  at  conditions  identical  to  those  of  the  acceptance  tests.  The  data  are  evaluated  against  criteria 
developed  during  the  propellant  characterization  program  conducted  in  the  development  phase  and  against 
design  requirements. 

SUMMARY 

A  five-phase  solid  motor  test  approach  from  definition  to  operational  phase  testing  is  presented. 

The  various  phases  described  support  concept  definition,  preliminary  design,  final  design,  qualification, 
and  flight  readiness.  IUS  requirements  and  program  milestones  are  discussed  in  relation  to  the  indicated 
test  approach. 

A  general  overtest  approach  applicable  to  solid  motor  components  and  complete  motors  is  outlined. 
Overtests  of  motor  cases  to  failure  serve  to  define  the  case  failure  envelope.  Nozzle  and  motor  over- 
test  with  no  failure  are  proposed  to  extend  the  non-failure  envelope  beyond  the  service  load  envelope. 

The  potential  payoff  of  overtesting  in  terms  of  development  cost  and  schedule  is  substantial,  since  the 
design  margins  of  safety  of  solid  motors  is  generally  large  relative  to  random  variabilities. 

The  development  schedule  and  cost  payoff  for  IUS  which  can  be  deduced  from  the  result  of  one  20  per¬ 
cent  nozzle  overtest  is  estimated  to  be  equivalent  to  four  nozzle  tests  at  service  load  conditions.  Simi¬ 
larly,  three  motor  overteste  are  equivalent  to  ten  motor  tests  at  operational  conditions. 


T»bt»  I 


SRM-1  BaKstic  Summary*  (vacuum) 


Action  Time 

24'F  ( -3<t> 

60'  F  inomlnall 

102  F  3i’l 

Time,  sec 

155.8 

137.7 

121.4 

Average  Pressure,  psid 

567 

640 

725 

Average  Thrust.  Ity 

29.820 

45,390 

51.870 

Duration 

Time,  sec 

156.4 

138.3 

122.1 

Impulse.  Ib-sec  x  10  6 

6.2086 

6. 2552 

6. 3021 

Effective  Delivered  1  .  sec 

SD 

288.9 

291.0 

293.0 

Maximum  Pressure,  psla 

766 

866 

980 

Time  ol  Maximum  Pressure,  sec 

98 

86 

76 

Maximum  Thrust.  Ib( 

54,670 

62.370 

71. 140 

Time  ol  Maximum  Thrust,  sec 

104 

92 

82 

Maximum  Acceleration,  g 

3.69 

4.24 

4.86 

Time  of  Maximum  Acceleration,  sec 

124 

110 

100 

Note:  Effect  of  dilated  case  included 

Nowle  length  ■ 

52. 278  in. 

SRM-2  Ballistic  Summary*  (vacuum) 


Action  Time 

24'  F  <-3cr» 

60  F  (nominal* 

102'  F  (♦  3c! 

Time,  sec 

105.99 

94.16 

83.08 

Average  Pressure,  psia 

568 

642 

729 

Average  Thrust.  Ibf 

Duration 

16.  318 

18. 498 

21.110 

Time,  sec 

106.  33 

94. 55 

».  46 

Impulse,  tb-sec  x  10  6 

1.7298 

1. 7420 

1.7543 

Effective  Delivered  1  .  sec 

SP 

Maximum  Pressure,  psia 

286.54 

288.56 

29a  60 

761 

866 

980 

Time  of  Mdxlmum  Pressure,  sec 

66.0 

58. 0 

52.0 

Maximum  Thrust.  Ibf 

22. 169 

25.294 

28.808 

Time  ol  Maximum  Thrust,  sec 

66.0 

oa  0 

52.0 

Maximum  Acceleration,  g 

3.77 

4.33 

4.98 

Time  of  Maximum  Acceleration,  sec 

Note:  Effect  of  dilated  case  Included 

84.0 

74.0 

06. 0 
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Table  2 

Typical  IUS  Solid  Motor  Material 
Characterization  Data 


Propellant  Performance  and  Ballistic  Data 


Standard  Specific  Impulse  <  15-lb  Bates  motori 

248  sec 

Burning  Rate  at  1000 psi,  70  ?  (4-lb  motori 

0.28  in. /sec 

Pressure  Exponent 

0.41 

Temperature  Sensitivity 

0. 137  %/°F 

Propellant  Mechanical  Properties 

m 

70"  F 

120  F 

Maximum  Stress  <2  in. 'min  Crosshead) 

255  psi 

157  psi 

135  psi 

Strain  at  Maximum  Stress  (2  in. 'min  Crossheadl 

77% 

73% 

69% 

Coefficient  of  Thermal  Expansion 

53. 5  x  10*6  in. /in.°F 

Equilibrium  Modulus 

60  psi 

Nozzle  Three-Dimensional  Carbon ' Carbon  Mechanical  Properties 

Ambient 

2000"F 

4000" F 

Hoop  ID  Compressive  Modulus,  psi 

4. 5  x  106 

5. 1  x  106 

4. 1  x  106 

Hoop  ID  Coefficient  of  Thermal  Expansion,  in./in.°F 

-0. 5  x  10~6 

0. 18  x  10'6 

0. 55  x  10-6 

Hoop  OD  Tensile  Allowable  Stress,  psi 

7.0  x  103 

8.0  x  103 

6. 5  x  103 

Case  Composite  Mechanical  Properties 

Tensile  Modulus  in  Fiber  Direction,  psi 

n  x  \o6 

Tensile  Modulus  Normal  to  Fiber  Direction,  psi 

0. 75  x  106 

Coefficient  of  Thermal  Expansion  in  Fiber  Direction,  in./in.°F 

-3. 0  x  10"6 

Coefficient  of  Thermal  Expansion  Normal  to  Fiber  Direction, 

in.Tiru’f 

+3.0  x  10'6 

Vessel  Ultimate  Stress  'Strain  for  Hoop  Wrap,  psi/% 

3. 5  x  10^  / 1. 9 

Vessel  Maximum  Stress  /  Strain  for  Polar  Wrap  Direction, 

3.2xl0^/1.7 

psi/% 


Table  3 

Validation  Phase  Test  Data 


Char  Motor 
No.l 

Char  Motor 

No. 2 

Super  Hippo 

No.l 

Super  Hippo 
No. 2 

Full  Scale 

Motor 

Propellant  Weight  lb 

12,690 

12,644 

19,525 

19,500 

20,662 

Burn  Time,  sec 

86.0 

87.0 

135.6 

135 

150.7 

Average  Chamber 
Pressure,  psia 

650 

643 

596 

615 

549 

Throat  Material 

Pyrolytic 
graphite 
throat  pack 

Pyrolytic 
graphite 
throat  pack 

Three-dimensional 
carbon -carbon 
fine  weave 

Three-dimensional  Three-dimensional 
carbon -carbon  carbon -carbon 

coarse  weave  fine  weave 

Throat  Erosion  Rate, 
mils  per  sec,  average 

0.54 

0.47 

1.33 

1.2 

1.78 

Exit  Cone  Material 

Two-di  mensional  Two-di  mensional  Two  -di  mensional 
carbon -carbon  carbon -carbon  carbon -carbon 
rosette  rosette  rosette 

Two-dimensional 
carbon -carbon 
rosette 

Two-dimensional 
carbon -carbon 
rosette 

Exit  Cone  Erosion 
Depth, •  In.  average 

0.045 

0.045 

0.067 

0.061 

0.090 

*  At  interface  with  three-dimensional  carbon -carbon 

support. 

M  10 


Tkblc  4 

Specific  Motor  Development  Tests 


ItST  NUMBER  AND  DtSCRIPTjOW* 

itsri 

•  FULLY  LOADED  MOTOR 

•  HEAVYWEIGHT  NOZZLE  AND  CASE 

•  FfAVYWEICMT  INSULATION  (tour 
cendiditesi 

•  TVC  IN  ONI  PLANT 

•  TESTED  AT  AMBIENT  TEMPERATURE 
WITH  MINIMUM  lift  CYCLE  LOADS 


TESTE 

.  FULLY  LOADED  MOTOR 

•  HEAVYWEIGHT  NOZZLE.  CASE  AND 
FINAL  INSULATION 

.  TVC  OMNIDIRECTIONAL 
.  TESTED  AT  LWV  TEMPERATURE 
AFTER  EXPOSURE  TO  HANDLING 
AND  TRANSPORTATION  LOADS 

•  NOZZLE  EXIT  COKC  COOLED  TO 
SPACE  SOAK  TEMPERATURES 


TEST) 

•  SO*  LOADED  MOTOR 

•  FLIGHT -WEIGHT  NOZZLE  AND  CASE 
.  HAVYWEICHT  INSULATION 

•  OMNIDIRECT'ONAl  TVC 

•  TESTED  AT  LOW  TEMPERATURE 
AFTER  EXPOSURE  TO  TRANSPORT. 
HANDLING  AND  VIBRATION  LOADS 

.  NOZZLE  EXIT  CONE  COOLED  TO 
SPACE  SOAK  TEMPERATURES 


TESTA 

•  FULLY  LOADED  MOTOR 

•  FLIGHT -WEIGHT  NOZZLE  ANO 
CASE 

•  HEAVY* ICHT  INSULATION 
.  OMNIDIRECTIONAL  TVC 

•  TESTED  AT  HICH  TEMPERATURE 
AFTER  EXPOSURE  TO  TRANSPORT 
HANOI INC  AND  VIBRATION 
LOADS 

•  NOZZLE  EXIT  CONE  COOLED  TO 
SPACE  SOAK  TEMPERATURES 


TESTS 

•  SAME  AS  TEST  4  EXCEPT  TESTED 
AT  LOW  TEMPERATURE  AFTER 
EXPOSURE  TO  HOT  AND  COLD 
SOAK  CONDITIONS.  HUMIDITY. 
TRANSPORT,  HANDLING  AND 
VIBRATION  LOADS 


TEST  OBJECTIVES 
DEMONSTRATE 

•  OVERALL  MOTOR  DESIGN  CONCEPT 

(component  interaction) 

>  AMBIENT  PERFORMANCE  AND  BALLISTICS 

•  TVC  WITH  PLANAR  SYMMETRY 
.  INSULATION  SELECT  ION 

•  COMBUSTION  STABILITY 

•  SELF-INDUCED  VIBRATION 


DEMONSTRATE 

•  SAME  AS  TEST  I  EXCEPT 

•  BALLISTICS  AND 
PERFORMANCE  AT  LOW 
TEMPERATURE 

.  ACTUAL  TVC  DUTY  CYCLE 

•  INSULATION  PERFORMANCE 
<  NOZZLE  PERFORMANCE 

UNOER  SIMULATED  SPACE 
CONDITIONS 


DEMONSTRATE 
.  SAME  AS  TEST  2  EXCEPT 
FOR  50*  PROPELLANT 
LOAO,  FLIGHT-WEIGHT 
CASE  AND  NOZZLE.  AND 
AFTER  EXPOSURE  TO 
VIBRATION  LOADS 


DEMONSTRATE: 

.  SAME  AS  TEST  )  EXCEPT 
FOR  FULLY  LOADED  MOTOR 
AT  HIGH  TEMPERATURE 


TEST  DATA 

«  THREE-AXIS  THRUST 
.  HIGH  ANO  LOW  FREQUENCY  PRESSURl 
.  VECTORING  FORCE  AND  DISPLACEMENTS 
.  TRI  -AXIS  ACCELEROMETERS 
.  CASE  AND  NOZZLE  TEMPERATURES 
.  CASE  STRAINS 

.  PRE  AND  POST  TEST  CONDIIION  WEIGHT 
AND  DIMENSIONAL  MEASUREMENTS 


SAME  AS  (OR  TEST  1  EXCEPT 
.  NONOPERATING 
ACCELERATION 
•  NONOPERATING  NOZZLE 
TEMPERATURES 


SAME  AS  )0R  TEST  Z 


SAME  AS  FOR  TEST  2 


SAME  AS  FOR  TEST  2 


DEMONSTRATE. 

•  SAME  AS  TESTA  EXCEPT 
DESIGN  MARGINS  AT 
AGGRAVATED  LIFE  CYCLE 
CONDITIONS 


All  tests  At  simulated  vacuum 


U  I  I 


>  tliure  4 


Example  for  Determining  Overtest  Conditions 
for  Maximum  Stress  Failure  Criterion 


Notes 


1.  Minimum  reliability  estimate  trom  three  successful  tests 

R  •  1  -  — ■  a  75 
m  ♦  l 

from  cumulative  normal  distribution,  Z  •  tl  7 

2.  Failure  envelope  mean  deduced  from  three  successful 
overtests 

''OTF  '  11  7V’  OT  *  0  DF  *  a95"OT  265  ksi 


3.  Service  Unit  Reliability 

z  .  2  ^ 

\  "  S  *  0  OTF 

Distribution  Function  R-Q.W4 

4.  Probability  of  false  OT  acceptance 

3  percent 

5.  Probability  of  OT  failure  theoretically 
is  negligible 


F  igure  •* 

Projected  Pressure  vs  Time  Trace  for  Nozzle  Overtest 


RECION  OF 
EARLY  TFtERMAl 
STRESS  FAILURE. 
MODES 


REGION  OF  LATE 

—  WEAROUT - 

FAILURE  MODES 


PROJECTED 

ENVELOPE 


CL4  ab 
BURNING  TIME  RATIO  L 


SERVICE 
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SUMMARY 

Over  the  past  twenty  years,  the  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL)  has  devoted  an  extensive 
effort  toward  the  development  of  standardized  test  motors  and  laboratory  tools  to  enable  evaluation  of 
solid  rocket  motor  component  capabilities  and  propellant  behavior.  Although  these  standardized  devices  are 
used  in  a  variety  of  ways,  they  can  be  grouped  into  two  principal  categories;  either  as  an  authority  or 
as  a  basis  of  comparison  in  measuring  or  judging  capacity,  quantity,  content,  extent,  value,  quality,  etc. 
Standard  test  motors  and  tools  can  be  described  by  several  characteristics,  such  as,  heavy  weight, 
reusable,  versatile,  comton  facility  use,  fixed  operational  procedures  and  consistent  internal  configura¬ 
tions. 

The  advantages  offered  by  the  use  of  standardized  motors  and  laboratory  tools  are 
.  cost  savings 
.  comparative  evaluations 
.  survivability 

.  service  for  contractor  developed  products 
.  early  development  testing 

The  only  major  disadvantage  is  the  somewhat  questionable  ability  to  reliably  scale  the  results  from  test 
motors  to  the  full  scale  motor  of  interest.  This  lack  of  credibility  has  led  to  the  establishment  of 
''families"  of  test  motors  and  tools  spanning  a  range  of  sizes  to  more  nearly  simulate  full  scale 
conditions. 

Two  primary  motor  families  are  used  at  the  AFRPL.  There  is  the  "BATES"  motor  family  used  for 
propellant  investigations  and  the  "Super  HIPPO"  family  used  for  component  (e.g.,  nozzles,  thrust  vector 
control,  insulations,  etc.)  evaluations.  These  motors  are  designed  to  accommodate  a  wide  range  of 
propellants  and  to  simulate  combustion  chamber  environments  for  a  variety  of  large  solid  motors.  These 
motors  have  proved  very  useful  at  the  AFRPL.  Descriptions  and  design  rationale  are  provided  which 
highlight  the  motor  flexibility  and  reuse  features. 

The  T-burner  laboratory  combustion  tool  is  used  principally  to  conduct  comparative  evaluations  of 
propellant  combustion  stability  characteristics.  This  device  has  received  intensive  study  and  development 
over  the  past  ten  years  and  Is  now  in  a  status  that  permits  credible  evaluations  to  be  made.  It  is  used 
almost  routinely  in  most  Air  Force  sponsored  programs  leading  to  new  propellant  and/or  motor  developments. 

The  devices  most  conmonly  used  are  the  variable  area  T-burner,  the  slot  vent  T-burner  and  the  rotating  valve. 

INTRODUCTION 


Over  the  past  twenty  years  the  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL),  in  conjunction  with 
the  rocket  propulsion  industry,  has  developed  and  used  a  variety  of  standardized  motors  and  tools  to 
assist  in  the  development  of  missile  and  space  propulsion  systems  and  technology.  These  devices  are 
primarily  used  to  aid  in  propellant  and  component  development.  Motors  used  at  the  AFRPL  to  investigate 
and/or  verify  new  propellant  developments  are  designated  as  the  "BATES"  motor  family.  Those  used  to 
evaluate  component  developments  are  designated  as  the  "Super  HIPPO"  family. 

In  support  of  motor  development  programs,  numerous  laboratory  tools  are  used  to  evaluate  solid  rocket 
motor  behavior.  Although  these  tools  are  too  numerous  to  enumerate,  the  development  of  combustion 
stability  tools  is  worthy  of  some  note.  These  tools  are  represented  by  the  many  T-burner  configurations 
and  Combustion  Window  Bomb  devices  in  use  today.  They  are  tools  which  have  been  designed  specifically  to 
address  the  combustion  instability  problems  which  are  frequently  encountered  in  motor  development  programs. 
Much  progress  in  their  development  has  resulted  from  Intensive  investigations  over  the  past  ten  years. 

They  are  now  used  almost  routinely  as  part  of  an  overall  motor  development  effort. 


* 

. 


js-: 


This  paper  briefly  reviews  the  test  motor  families  and  combustion  tools  used  at  the  AFRPl  to  assist 
missile  propulsion  technology  development.  The  rationale  for  their  selection,  design  and  use  is  provided 
along  with  a  description  of  the  devices  themselves. 

DEFINITION 

For  lack  of  a  better  term,  the  devices  around  which  this  paper  centers  are  referred  to  as  "standardized;1 
This  term  needs  some  explanation.  Webster's  dictionary  defines  "standardized"  to  mean,  "to  make  to  or 
regulate  by  a  standard."  It  goes  on  to  define  standard  in  several  ways,  among  which  is  "something  established 
for  use  as  a  rule  or  basis  of  comparison  in  measuring  or  judging  capacity,  quantity,  content,  extent,  value, 
quality,  etc."  The  words  "as  a  rule"  imply  a  recognized  criterion  of  excellence,  accuracy  or  authority; 
something  that  can  be  taken  as  absolute.  On  the  other  hand,  "basis  of  comparison"  implies  a  method  or 
technique  in  which  there  is  sufficient  consistency  to  permit  comparisons  to  be  made. 

In  Interpreting  the  use  of  "standardized  test  motors  and  laboratory  tools"  in  this  paper,  care  needs 
to  be  exercised  over  which  of  the  two  above  references  apply.  In  discussing  BATES  motors,  both  apply. 

The  BATES  motors  are  often  referred  to  as  the  "National  Bureau  of  Standards  for  propellant  performance." 

They  can  be  used  to  provide  authoritarian  data  as  well  as  a  basis  for  comparison.  On  the  other  hand,  as 
will  be  discussed  later,  references  to  "HIPPO"  motors  can  only  be  made  as  a  basis  for  comparison.  There 
is  sufficient  disparity  between  HIPPO  test  motor  results  and  actual  full-scale  motor  results  to  rule  out 
any  "absoluteness"  between  the  two. 

It  will  be  shown  later  that  the  combustion  tools  also  fall  more  along  the  "basis  of  comparison" 
interpretation. 

With  this  exercise  in  language  arts  as  a  prelude,  the  following  characteristics  can  best  be  used  to 
describe  the  "standardized"  devices  in  use  at  AFRPL  today. 

(1)  They  are  heavyweight  structures  and,  with  slight  refurbishment,  can  be  reused  indefinitely. 

This  is  different  from  the  flightweight  configuration  motors  which  are  essentially  "used  up"  in  each 
test. 

(2)  They  are  versatile  and  perform  many  functions.  Segmented  designs  are  used  so  that  parts  can 
be  interchanged  and  technology  components  of  various  sizes  and  performance  capabilities  can  be  evaluated. 

(3)  Facility  and  motor  operational  procedures  generally  remain  the  same  so  as  to  enhance 
credibility  and  confidence  in  the  test  results. 

(4)  Within  a  motor  family,  key  design  parameters  (e.g.,  internal  configuration)  are  generally 
maintained  the  same  so  that  scaling  comparisons  can  be  made. 

To  warrant  the  necessary  investment  in  test  hardware  and  facilities,  there  must  be  ample  payoff  from 
their  use.  Although  difficult  to  quantitize  in  actual  dollars  saved,  there  are  many  aspects  to  their 
use  that  make  the  return  on  investment  readily  apparent.  These  advantages  are  itemized  below  and  then 
discussed  in  subsequent  paragraphs. 

.  Cost  Savings 
.  Comparative  Evaluations 
.  Survivability 

.  Service  for  Contractor  Developed  Products 
.  Early  Development  Testing 

(1)  Cost  Savings  -  The  availability  of  standard  test  motors  and  facilities  offers  major  cost 
savings  to  both  the  Air  Force  and  the  rocket  propulsion  industry.  Cost  savings  result  both  from  the 
reusability  aspects  of  major  motor  components  as  well  as  from  having  a  common  facility  for  motor  test 
operations.  The  benefits  derived  from  motor  resuability  are  obvious;  especially  when  considering  large 
motors  sized  for  evaluating  ballistic  missile  and  space  motor  components.  If  a  new  expendable  motor 
were  required  each  time  a  component  -  say  a  nozzle  component  -  needed  evaluation,  the  cost  of  doing 
business  would  be  unacceptably  high. 

Similarly,  with  respect  to  the  facility,  major  build-up  costs  for  motor  development 
programs  are  incurred  in  the  design  and  fabrication  of  the  thrust  stand  and  thrust  stand  abutment. 

The  design  of  these  devices  is  very  often  sensitive  to  a  given  motor  external  geometry.  If  separate 
thrust  stands  and  abutments  were  needed  for  each  component  or  propellant  demonstration  test,  costs 
would  be  prohibitive.  Moreover,  all  contractors  do  not  have  the  present  facility  capability  to  handle 
large  scale,  or  hazardous  motor  tests.  The  capital  Investment  required  by  either  the  industry  or 
Air  Force  to  facilitize  the  entire  Industry  would  be  great  and,  based  on  the  few  number  of  large 
technology  components,  unwarranted  as  well.  One  facility,  within  the  Air  Force,  to  handle  the  test 
requirements  for  the  Industry  in  an  objective  and  unbiased  manner  is  a  smart  investment.  Not  only 
are  test  costs  reduced  by  only  investing  in  one  major  facility,  but  this  approach  also  has  advantages 
in  reduced  operational  and  maintenance  costs.  Handling  equipment  and  personnel  training  costs  are 
reduced. 


When  the  AFRPL  originally  invested  in  its  "Super  HIPPO"  capability  (described  later), 
it  was  estimated  that  Investment  costs  would  be  amortised  in  5  tests  and  each  test  thereafter  would 
provide  a  cost  savings  of  $300,000  to  the  Air  Force.  This  was  four  years  ago.  At  the  present  rate  of 
Inflation,  this  savings  is  undoubtedly  even  greater  today. 


IS  I 


(?)  Comparative  (valuations  In  general,  standard  I /ad  motors  and  tools  provide  an  excellent 
"basts  (or  comparison.*  Testing  oT  several  different  propellant  formulations  or  motor  meiponents  In 
the  same  test  motor  under  similar  operating  conditions  provides  an  excellent  Pasts  for  establishing 
trends  and  making  comparative  Judgments  on  merit  and  value.  In  this  regard,  doing  this  testing  In-house, 
Ml  thin  the  Air  Force,  In  an  objective  manner  lends  further  credence  to  the  use  of  the  devices  to  establish 
these  comparisons .  ihe  AIRI'l  can  bring  a  high  degree  of  objectivity  to  this  type  of  testing  because  It 
seeks  the  "best"  In  terms  of  technology  options  and  Is  not  plagued  by  the  "Invented  here"  syndrome 
Ihe  AIRI'l  has  been  asked  often  to  serve  as  a  "referee"  on  the  ranking  of  various  propellant  formulations 
bv  use  of  the  HAT! S  motors. 

There  Is  another  advantage  to  such  a  centrallied  concept  of  testing  with  standard  devices. 
After  a  few  years  of  gaining  test  experience  on  a  variety  of  propellants  and  components  In  the  same  test 
motor,  a  data  bank  Is  developed  that  permits  Judgments  to  he  made  about  propellant  families  without 
necessitating  extensive  testing.  Ihus  tests  can  be  more  selective  and  fewer  In  number  without  Introducing 
undue  high  risk  Into  the  final  Judgments. 

(.1)  Survivability  -  Ihe  use  of  a  heavy  weight  motor  provides  a  high  margin  of  safety  to  the 
motor  and  facility  if  the  component  (e.g.,  nozzle)  falls  during  test,  fllghtwetght  motors  generally 
would  not  be  able  to  withstand  the  loads  placed  on  the  case  when  a  nozzle  component  Is  ejected  and  thus 
would  result  In  the  loss  of  the  test,  the  test  motor  and  even  perhaps  the  facility. 

(4)  Service  for  Contractor  bevel oped  Products  With  today's  austere  budgets,  companies  often 
find  It  advantageous  to  spend  their  own  funds,  or  government  Independent  research  and  development  funds 
on  the  engineering  design  and  building  aspects  of  a  concept  and  then  enter  Into  a  Joint  program  with  the 
Air  Force  to  have  the  expensive  testing  done  elsewhere  -  most  freguently  at  Al  ITI'l  .  lhat  way,  they  get 
credible  test  results  and  an  objective  evaluation  of  their  concept.  Ihe  Air  Force  generally  benefits  bu 
gaining  some  data  rights  to  the  concept.  Ibis  approach  often  provides  an  early  evaluation  of  promising 
technology  and  the  awareness  on  the  part  of  the  Air  Tore*  can  ease  the  path  toward  eventual  sponsorship. 
Ihus  the  arrangement  Is  mutually  beneficial. 

(!>)  larly  development  lestlncj  -  Ihe  availability  of  test  motors  at  the  AIRI'l  makes  It  possible 
for  the  Air  Force  to  enter  Into  early  "full-scale"  developmental  testing  of  propellant  and  components. 

Ihus  functional  checks  of  propellant  potential  and  component  design  can  be  evaluated  early  In  a  low 
risk  environment.  If  the  system  developer  wrre  forced  to  delay  such  testing  until  the  motor  was  designed 
and  fabricated,  there  could  be  a  considerable  delay  before  Initial  data  were  obtained  to  see  If  It  was 
designed  "right."  Hits  Introduces  needless  rick  Into  a  motor  development  program,  the  standard  test 
motors  and  laboratory  tools  used  to  evaluate  components  and  propellants  make  early  testing  and  problem 
area  Identification  possible. 


DISAIlVANTAlil 

Ihe  only  real  disadvantage  Is  the  lack  of  credibility  associated  with  the  use  of  some'  motors/tools 
In  predicting  full-scale  results.  This  problem  Is  associated  with  the  unknowns  about  scaling  solid 
rocket  motor  propellant  and  component  behavior.  More  than  any  other  known  Influence,  the  Inability  to 
accurately  scale  the  results  from  the  standard  motors  and  tools  to  the  actual,  full-scale  motor  has 
led  to  the  establishment  of  "families"  of  motors,  these  families  are  represented  by  motors  of  various 
sizes  that  permit  testing  at  sizes  that  more  truly  represent  the  class  of  motors  for  which  the 
componen t /propel Ian t  Is  designed,  while  retaining  the  advantages  associated  with  a  standard  test  motor 
approach.  This  approach  has  minimized  the  disparities  but  has  not  eliminated  them.  Ihus  when  dealing 
with  results  from  standardized  devices.  It  Is  very  Important  to  understand  their  limitations  and  not 
expect  absolute  comparability.  There  will  still  need  to  he  actual  full-scale  motor  tests.  Hopefully 
though,  the  trends  will  be  proper  and  the  problems  properly  Identified  so  that  the  more  expensive 
full-scale  developmental  testing  can  be  kept  to  a  minimum. 


MSCR  jl'TION  Of  HSt  M010RS 

The  two  primary  families  of  test  motors  used  at  the  AIRI'l  to  evaluate  solid  propellants  and  solid 
rocket  motor  components  are  the  "BATTS"  and  the  "Super  IHPPO"  families.  The  primary  laboratory 
combustion  tool  Is  the  T-burner.  Ihe  remainder  of  Ibis  paper  Is  devoted  to  providing  a  brief 
description  of  the  motors  and  tools  which  comprise  these  families.  Included  are  overall  design  data 
along  with  rationale  and  merits  for  their  use.  Detailed  design  Information  is  not  Included.  This 
Information  has  been  thoroughly  described  In  several  reference  reports. 


BA  1 1 S  MO I OR S  (References  1  -  5) 


IIATIS  Is  an  acronym  for  HAlltstlc  lest  and  I  valuation  System.  The  Initial  HA1IS  program  was 
Initiated  at  the  AIRI’l  In  1%0  to  provide  a  tool  for  the  comparison  of  state-of-the-art  and  advanced 
solid  propellant  performance.  The  program  objectives  were  -  and  still  are  -  to  provide  accurate, 
comparable,  and  unbiased  ballistic  performance  data.  1  hi s  Initial  program  resulted  In  two  test  motors: 
(I)  the  70- pound -charge  HA1IS  test  motor  and  the  IS  pound -charge  HA1FS  test  motor.  In  the  early  1  u?0s 
It  was  hypothesized  that  the  smaller  I1A1IS  motors  were  Inadequate  to  provide  for  an  accurate  evaluation 
of  solid  propellants  for  ballistic  missile  or  large  space  solid  motor  applications  due  to  scaling 
uncertainties  In  performance  corrections.  Because  a  reusable  test  motor  was  not  available  to  permit  a 
full-scale  evaluation  of  these  propellants,  a  new  I'AIIS  motor  -  termed  "Super  BATTS"  was  created. 


A  schematic  Illustrating  the  lS-lhm  and  70-lhm  charge  motors  Is  shown  In  I Igure  1, 
of  the  two  motors  are: 


Ihe  dimensions 


)S-lhm  HATIS 
70-ltvn  BATIS 


A  (In) 

l?.0 

20.0 


B  (In) 
7.0 

12.0 


C  (In) 
4.6 

11.0 


Motor  design  end  operating  characteristics  are  provided  In  Table  1.  The  motors  are  designed  for  optimum 
ballistic  parameters  over  a  wide  operating  ranqe.  The  motors  have  a  short  duration,  neutral  trace 
(constant  burning  area)  and  a  fined  exposed  area.  They  use  a  conventional  nozzle  and  may  be  fired  In  a 
s  ngle  or  mult  pie  segment  configuration.  Both  motors  use  a  double  end-burning,  center-perforated  grain 
with  a  cylindrical  bore.  These  grains  are  cartridge  loaded  because  of  operational  and  economical 
cons  derations.  The  ratio  of  propellant  mass  for  the  two  motors  Is  approximately  flve-to-one  while  the 
burning  surface  ratio  Is  three-to-one.  This  gives  a  three-to-one  mass  discharge  ratio  between  the  two 
$urMng  r,t®-  Th*  "»tors  have  no  Insulation.  This  eliminates  additional  mass  flow 
contributions.  The  motors  are  of  a  flanged  construction  and  use  high  strength  steel  to  prevent  warping 
of  the  components. 

Table  1 

BATES  MOTOR  DESIGN  AND  OPERATING  CAPABILITIES 


Propellant  Weight  (Nominal),  lbm 


70-lbm  Motors 

H - - 


1 5- lbm  Motor 

n> - 


Maximum  Pressure,  psl 

1H00 

2000 

Pressure  Range,  psl 

100  to  I  BOO 

100  to  2000 

Motor  Weight,  lbm 

400 

150 

Nozzle  Exit  Half  Angle,  deg 

15 

10 

6ra1n  Configuration :  Length,  In 

20 

11.5 

CD,  In 

11.75 

6.6 

ID.  In 

B 

4,6 

Web  Thickness,  In 

1.9 

1.0 

Web  Action  Time,  sec 

2  to  10 

1  to  6 

Burn  Surface,  sg  In 

MO 

,’04 

Mass  Flow  Rate,  lhm/sec 

IB 

5 

Burning  Rate,  (n/sec 

0.15  to  1.0 

0.15  to  1 

Pressure  Neutrality 

1  .OB 

1.10 

Port/Throat  Range 

3  to  3? 

3  to  3? 

Iqnlter 

15KS  1000  >!AT0 

BkNO (  Pellets 

Nozzle  Dimensions,  In 

1.0  to  4.0 

0.3  to  3,i 

The  motors  use  a  conventional,  graphite  nozzle  which  males  with  the  steel  aft  closure.  Ihe  aft 
closure  has  a  graphite  Insulator  to  avoid  aft  closure  refurbishment  from  repeated  testing  The  70-llvn 

charge  can  be  used  with  nozzle  throat  sizes  from  1.0  to  -1.0  Inches.  Ihe  Ib-lhm  charge  motor  can  he  used 
with  nozzle  throat  sizes  from  0..1  to  3.0  Inches.  To  adjust  for  nozzle  expansion  ratio  variations,  a 
removable  steel  divergence  cone  can  he  attached  to  the  graphite  nozzle. 

m  conduct  BATfS  motor  tests  The  design  accuracy  of  the  single  component. 

70-lhm  motor  thrust  stand  Is  *0.1  percent  of  full-scale  (o  10.000  Ihf).  the  If.  -Ihm  motor  thrust  stand 

♦•7f>  percent  of  full-scale  over  load  ranges  of  0-1000  Ihf.  0-7000  Ihf 
and  O-hOOO  Ibf  Ireguent  end-to-end  calibrations  are  conducted  on  the  two  systems  to  assure  the  accuracv 
o»  i nr  f(*st  data. 

Pr0,’f ’ ’ Pcr,('™wnce  capability  Is  primarily  assessed  on  a  comparative  basis  with  other  propellants 
”r  *P*C  f  c  *PP'*cat1ons,  tests  are  conducted  at  actual  conditions  ot  Interest  and  compared  with  other 
propellants  at  the  same  conditions,  lor  propellants  having  more  general  Interest,  the  test  data  are 
normalized  to  standard  conditions  of  1000  pst  corrected  to  sea  level  (14, *  psl)  Ihe  normal Izat Ion 
process  Invo  ves  taking  the  delivered  Impulse  of  the  test  and  establishing  the  impulse  efficiency  at 
thos*  conditions  by  comparing  with  theoretical,  shifting  equilibrium  spedric  Imi.  lse  values  at  the  same 
conditions  Although  some  errors  are  Introduced.  It  Is  then  assumed  that  this  efflclemv  Is  the  same  at 

del  1  vered* I ip'a t^ those'r ond  1 t ,hP  . .  value  to  dete.m.lne 

V'  th?  I,p' 'vered  Is,,  numbers  for  Ivoth  heat  less  and  nozzle  divergence  loss.  To 
*ir,  'c  need.  This  approach  uses  twelve  thermocouples  and  they  are 
r!nl.at^  r.  T’’  I,1’0.  "'Perature  difference  for  each  position  Is  determined  during  the  test. 

Typical  heat  tiansfer  for  the  70-lbm  motor  and  the  1'-  ihm  motor  Is  approximately  .140(1  Bills  and  wip  Bit's 

eVT’Ir  m'”  T'  ,p"”'  "f  '"’Pulse  efficiency  because  thee  Ire  ge.Utrha,  h 

scaled  to  provtdi*  equa  1  ratios  of  mass  flow  p§r  unit  ot  hoal  loss  area. 

If  more  quantitative  performance  values  are  required,  a  sophisticated  approach  Is  used  which  involves 

a  computer  prediction  of  performance,  such  as  the  Solid  Motor  Performance  Prediction  model  (reference  b! 

I'” s  !™?p'  fU',‘  0  PP  05,p'  "M,h  '/'’P0'  P'1  experimental  lv  determined  at  this  time,  such  as  the' 

two-’phas#  flow  loss*  klnotlcs  loss  and  no  ••Ip  functional  lossos. 


IS  % 


Of  the  two  motors,  the  70-lbm  BATES  motor  Is  the  workhorse.  Its  accuracy  Is  better  by  virtue  of  having 
less  scaling  problems  and  longer  burn  durations.  It  has  been  found  that  the  15-lbm  motor  provides  good 
ballistic  properties,  such  as  slope  and  burn  rate,  but  does  not  provide  credible  impulse  efficiency  performance 
data  for  aluminized  solid  propellants.  This  Is  due  to  the  reduced  metal  combustion  efficiency  resulting 
from  shorter  burn  durations  and  less  residence  time.  It  Is  more  difficult  to  determine  the  true  expended 
weight  of  the  15-lbm  grain  due  to  unburned  aluminum  accumulation.  Performance  results  from  the  15-lbm 
HATES  motor  is  still  credible,  however,  for  the  non-metal  1 1  zed  propellant  performance,  where  the  burn 
duration  and  residence  time  constraints  are  not  severe.  Thus  the  15-lbm  RATES  motor  is  seeing  less  service 
with  metallized  propellants  and  Is  being  used  primarily  as  a  screening  device.  Moreover,  since  tests  are 
required  in  the  70-lbm  BATES  motor  anyway  for  Impulse  performance,  it  is  often  more  cost  effective  to  qo 
directly  to  this  motor  size  for  ballistic  data  as  well. 

To  date  there  have  been  an  approximate  total  of  1500  BATES  tests  for  the  two  motors  combined,  on  approxi¬ 
mately  190  different  propellant  formulations.  Numbers  of  tests  per  year  have  ranged  as  high  as  300  but  are 
generally  more  In  the  100  to  200  range.  Four  tests  are  generally  considered  adequate  for  a  valid,  reproducible 
data  point  In  the  70-lbm  motor,  whereby  eight  are  generally  required  for  the  smaller  15-lbm  motor. 

SUPER  BATES  (References  7  -  B) 

The  purpose  of  the  Super  BATES  is  to  test  and  compare  solid  rocket  motor  propellants  In  a  motor 
large  enough  to  accurately  predict  Internal  ballistic  performance  of  full-scale  missiles  and  boosters.  A 
secondary  purpose  is  to  provide  a  test  motor  capable  of  providing  accurate  propellant  performance  data  that 
can  be  compared  to  data  obtained  from  the  smaller  15-lbm  and  70-lhm  BATES  motors.  Using  this  comparison,  it 
Is  hoped  that  a  Judgment  can  be  made  about  the  scalability  of  data  obtained  from  the  smaller  motors.  If 
such  a  scalability  correlation  can  be  obtained,  then  the  smaller  motors  could  confidently  bo  used  to  provide 
propellant  performance  data  for  full  scale  appl ications.  This  would  qreatly  reduce  propellant  and  test  costs 
for  such  data. 

The  AFRPL  recognized  a  need  for  the  Super  BATES  motor  in  the  early  1970s.  In  1974,  a  contract  was 
awarded  to  Chemical  Systems  Oivision  of  United  Technologies  Corporation  to  analyze  the  requirements  for  such 
a  motor  and  to  generate  motor  and  thrust  stand  designs.  This  work  was  followed  by  another  effort  to  build 
the  motor  and  thrust  stand  and  demonstrate  their  operability  at  the  AFRPL.  This  work  was  completed  In  1976. 

The  "system"  delivered  to  AFRPL  Included  motors  and  spare  parts,  handling  and  weighing  equipment,  and  an 
accurate  horizontal  thrust  stand. 

The  Super  BATES  motor  Is  designed  to  acconmodate  a  wide  range  of  propellants  and  to  simulate 
combustion  chamber  environments  for  a  variety  of  larqe  solid  motors.  Motor  flexibility  Is  achieved  by 
using  a  segmented  case  approach.  This  permits  great  variation  in  propellant  surface  area  without  resulting 
In  a  large  free  chamber  volume  at  low  flow  rate  conditions.  By  using  various  combinations  of  segments 
with  60-inch  and  30-inch  long  propellant  grains,  the  motor  can  operate  with  propellants  having  burnlnq 
rates  from  0.3  to  1.0  Inches/second.  The  maximum  total  combined  propellant  weight  of  the  three  60-inch 
propellant  grain  segments  is  2500-lbm  with  the  standard  2.6-1nch  web.  The  motor  case  is  designed  to 
operate  at  pressures  to  2200  psla  with  a  design  safety  factor  of  1.5  on  yield.  Maximum  design  thrust  Is 
150,000  Ibf.  Table  2  provides  a  summary  of  the  Super  RATES  motor  design  and  operational  characteristics. 

Figure  2  provides  a  schematic  of  the  two  and  one-half  segment  configuration  of  the  Super  BATES  motor  with 
a  submerged  nozzle. 


Table  2 

SUPER  RATES  MOTOR  DESIGN  AND  OPERATIONAL  CAPABILITIES 


Propellant  Weight  (Nominal) 
Maximum  Pressure 
Pressure  Range 
Maximum  Thrust 
Maximum  Motor  Weight 
Nozzle  Exit  Half  Angle 


800  lbs/ segment 
2200  psl 
200  to  2200  psl 
150,000  lbf 
20,000  lhm 
15- 


Grain  Configuration:  Length 
0D 
10 

Web  Thickness 
Web  Action  Time 
Maximum  Rurn  Surface 
Mass  Flow  Rate 
Burning  Rate 
Pressure  Neutrality 
Igniter 

Nozzle  Dimensions 


60  Inches 
27.9  Inches 
22.7  Inches 
2.6  Inches 
2.8  seconds 

5600  sg  Inches/segment 
322  Ibm/sec 

0.3  to  1.0  Inches/second 

1.05 

Pyrogen 

4  to  10  Inches 


In  <i 


The  motor  grain  design  uses  double  end-burning,  center-perforated  grains  with  a  cylindrical 
bore.  Design  simplicity  and  processing  ease  were  primary  design  considerations.  Propellant  grain 
processing  requirements  had  the  greatest  Influence  on  selecting  a  motor  case  segmentation  approach. 

In  order  to  achieve  a  neutral  trace  the  end  burning,  circular  perforated  grain  must  have  the  correct 
number  of  end  burning  surfaces;  this  Is  dependent  upon  the  overall  grain  length.  If  a  single,  mono¬ 
lithic  case  design  were  selected,  desired  burning  characteristics  could  only  be  achieved  by  casting  or 
machining  a  slotted  grain  configuration;  both  of  which  are  more  costly  and  complicated.  A  segmented 
case  allows  the  grain  to  be  easily  cast  with  two  end  burning  faces. 

Unlike  the  cartridge  loaded  smaller  HAT ES  motors,  Super  UAUS  propellant  grains  are  case  bonded 
to  the  motor  case  segments.  This  approach  simplifies  the  motor  design  by  avoiding  the  more  difficult 
and  costly  tolerance  and  dimensional  control  problems  that  would  be  associated  with  a  cartridge  loaded 
motor  for  this  application.  Moreover,  by  using  low  cost  conmerc tally  available,  carbon  steel  pipe  and 
providing  for  separate  attach  Joints  that  are  not  part  of  the  case  segment  design,  the  steel  case 
segment  is  cost  competitive  to  the  glass  cartridge  and  far  more  durable. 

The  motors  are  fully  Insulated  with  a  designed  reusability  feature.  Most  components  can  be  used 
three  times  before  new  insulation  Is  required. 

Motor  case  segments  are  Joined  with  a  pinned,  double  shear  H-clevIs.  ihe  segments  have  only  male 
Joints,  thus  substantially  reducing  manufacturing  co  s.  All  joints  use  conventional,  elastomeric 
O-rlngs  to  maintain  Internal  pressure  during  tiring.  The  forward  closure  Is  fitted  with  a  burst  disc, 
used  as  a  relief  device  to  prevent  overpressurization  of  the  motor.  The  pressure  relief  passages  are 
radially  oriented  so  that  overpressurization  will  not  cause  sudden  large  changes  In  motor  axial  thrust. 

Flat  plate  closures  are  used  for  the  motor  to  minimize  fabrication  costs  and  to  simplify  the 
closure- Insulation  Interface.  Doth  the  forward  and  aft  closures  are  8  Inches  thick.  The  closures  are 
fully  Insulated  to  minimize  heat  loss. 

The  system  can  be  used  with  nozzle  throat  sizes  from  4  to  10  inches  with  a  conventional  or 
submerged  nozzle.  Nozzle  submergence  can  be  varied  from  J  to  18  inches  Ihe  nozzles  consist  of  a 
graphite  Insert  at  the  throat  and  a  carbon  phenolic  laminate  upstream  and  downstream  of  the  throat 
with  a  silica  phenolic  divergence  cone. 

The  thrust  stand  used  for  Super  RATES  motor  tests  Is  a  single  component,  horizontal  system 
capable  of  measuring  axial  thrust  In  ranges  of  0  to  50,000  lbf,  0  to  100,000  lbf  and  0  to  150,000  lhf. 
Thrust  stand  accuracy  Is  within  >0,15f  over  t h«»  full  range.  The  stand  includes  a  standard  load  cell 
with  a  jackscrew  calibrator  for  accurate  calibration  of  axial  thrust  measurements.  The  thrust  stand 
design,  fabrication,  Installation  and  checkout  were  done  by  Ormond,  Inc  of  Santa  Fe  Springs,  California. 

To  date  the  Super  DATES  motors  have  been  tested  only  three  times;  all  of  which  were  highly 
successful.  Preparation  for  more  extensive  use  Is  underway  In  anticipated  support  of  any  advanced 
ballistic  missile  full  scale  development  program.  In  support  of  the  secondary  objective  of  Super  RATfS 
to  evaluate  scalability  correlations,  additional  tests  are  planned  using  four  70-lbm  DATES  motor  segments 
connected  together.  This  long  configuration  will  provide  additional  combustion  residence  time  to  enable 
an  assessment  of  that  parameter's  Influence  on  propellant  performance  and  the  effect  of  the  test  motor 
used  to  determine  same. 

SUPER  HIPPO  MOTORS  (References  4  -  1?) 

There  are  three  motor  configurations  which  make  up  the  "Super  HIPPO"  family  of  motors.  There 
Is  a  standard  configuration  (Super  HIPPO),  an  extended  configuration  (Extended  Length  Super  HIPPO  or 
ELSH)  and  a  shortened  configuration  (Short  Length  Super  HIPPO,  or  S1SH).  Together  they  represent  a 
family  of  workhorse,  reusable  solid  propellant  rocket  test  motors  for  evaluation  of  large  solid  rocket 
motor  nozzles  and  associated  components. 

The  need  for  this  capability  was  first  Identified  In  the  early  1970s.  It  was  recognized  that 
future  ballistic  missile  motors  would  probably  operate  at  high  operating  pressures,  between  1000  psia 
to  2500  psia,  where  significant  performance  advantages  were  possible.  Moreove--,  it  was  foreseen  that 
these  same  missiles  would  require  major  nozzle  component  developments  that  were  beyond  the  then  current 
state-of-the-art.  This  created  a  need  for  a  low-cost  standard  test  motor  that  could  deliver  the  full- 
scale  motor  environment  for  component  demonstration.  Test  unitors  In  use  at  that  time  were  limited  In 
both  maximum  pressure  and  mass  flow  capability  and  could  not  provide  the  desired  conditions  for  large 
diameter  nozzle  hardware  evaluation.  Thus,  the  concepts  of  Super  HIPPO  and  1 x tended  length  Super  HIPPO 
were  born.  The  former  being  large  enough  to  satisfy  most  upper  stage  ballistic  missile  requirements 
and  the  ELSH  being  capable  of  handling  first  stage  applications.  In  1972  a  contract  was  given  by 
AFRPL  to  Chemical  Systems  Division  of  United  Technologies  Corporation  to  design,  fabricate,  deliver  to 
AFRPL  and  demonstrate  the  operational  (-easiness  of  the  Super  HIPPO  and  1LSH  motors,  along  with  a  highly 
accurate  six-component  thrust  stand  for  the  motors. 

The  Short  Length  Super  HIPPO  motor  was  not  burn  until  much  later  in  1977,  At  that  time  a 
requirement  was  established  for  nozzle  evaluations  In  support  of  the  Air  Force  Space  Shuttle  Inertial 
Upper  Stage  (IUS)  program.  That  requirement  along  with  the  additional  advantage  that  such  a  motor 
would  more  realistically  test  components  for  future  ballistic  missile  third  stage  motors,  led  to  the 
birth  of  SLSH.  The  SLSM  design  evolved  from  the  benefits  that  could  be  derived  from  commonality  In 
deslqn  and  components  with  the  Super  HIPPO  and  ELSH.  All  three  motors  are  of  the  same  diameter  and  use 
Interchangeable  parts. 

Thus,  the  Super  HIPPO  motor  system  is  actually  a  family  of  motors  plus  a  facility  for  motor  test. 
Maximum  operating  pressure  Is  2500  pst,  and  propellant  grain  weights  from  8,000  to  90,000  Ibm  can  be 
tested.  The  thrust  stand  provides  a  full  six-component  thrust  resolution  with  0.5T  thrust  accuracy, 
vector  angle  resolution  accuracy  of  20  minutes  of  arc  at  15"  deflection,  and  vertical  centerline  location 
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of  0.1  Inch.  The  system  ts  Installed  at  AFRPL  and  Includes  all  handling  equipment  for  rapid  test 
turnaround  time. 

The  thrust  stand  consists  of  two  subassemblies:  the  forward  thrust  unit  which  Is  permanently 
secured  to  the  floor  of  the  test  bay,  and  the  aft  thrust  unit  which  attaches  to  either  of  two  stations 
on  the  thrust  pad  to  acconniodate  at  least  two  motor  lengths.  The  thrust  stand  includes  Integrated 
calibration  load  trains,  jackscrews,  and  hydraulic  motors  to  provide  calibration  loads.  The  thrust 
stand  was  designed  and  fabricated  by  Ormond,  Inc,  Santa  fe  Sprlnqs,  California. 

The  standard  Super  HIPPO  motor  consists  of  a  cylindrical  case  which  Is  pinned  to  flat  plate 
enclosures.  The  ELSH  extension  case  pins  to  the  top  of  the  standard  motor  case  to  effectively  become 
a  double  Super  HIPPO,  thus  doubling  the  usable  propellant  volume. 

The  propellant  grains  are  cartridge  loaded  for  ease  of  handling  and  recharqing.  The  motor  can 
be  assembled  In  a  one-cartridge  (SLSH),  two-cartridge  (Standard  Super  HIPPO),  or  four-cartridge  (ELSH) 
configuration.  (See  Figure  3)  Each  cartridge  contains  up  to  24,500  lbm  of  propellant.  Inner  diameter 
of  the  fiberglass  cartridges  Is  80.6  Inches,  exclusive  of  Insulation.  Minimum  bore  is  approximately 
15  Inches  depending  on  physical  properties  of  the  propellant.  Maximum  grain  length  for  each  cartridge 
is  77  Inches.  The  Individual  cartridge  grains  are  essentially  square  so  that  the  thrust  can  be  progres¬ 
sive,  regressive,  or  neutral  with  simple  cylindrical  ports.  Standard  qralns  have  a  cylindrical  port 
with  one  end  restricted  for  a  reasonably  neutral  pressure  -  time  trace.  The  two-cartridge  configuration 
has  approximately  as  much  propellant  capacity  as  the  Minuteman  first  stage. 

Design  features  of  the  Super  HIPPO,  ELSH  and  SLSH  can  be  seen  In  figures  4-6.  The  motor 
cases  are  made  of  HY - 1 30  steel  to  provide  high  strength  and  toughness.  Closures  are  flat  plate  design 
of  4340  steel  and  are  retained  by  clevis  pins.  Flat  plate  closures  were  selected  to  allow  for 
economical  flat  Insulators.  The  motor  deslqn  goals  were  safety,  minimum  setup  time,  and  minimum 
recurring  test  costs.  The  clevis  pin  type  assembly  was  selected  for  holding  the  closures  to  the  cylinders 
because  clevis  pins  can  be  joined  more  rapidly  than  bolts.  Since  the  closure  Insulators  are  flat  and 
have  no  three-dimensional  Interfaces  with  the  closures,  they  are  relatively  easy  to  Install  and  economical 
to  fabricate.  The  cartridge  loaded  propellant  grains  can  be  Installed  In  the  motor  case  rapidly  and 
the  cartridges  are  reusable. 

Propellant  cartridges  for  the  standard  Super  HIPPO  and  ELSH  are  Installed  on  spacers.  Because 
of  machining  tolerances  necessary  for  Items  of  this  size,  a  1/4-1nch  gap  results  between  the  case  ID 
and  the  propellant  cartridge  00.  This  qap  Is  pressurized  from  the  forward  end  through  holes  In  the 
spacer.  0-rlng  seals  between  the  cartridges  and  at  the  aft  Insulation  prevent  a  flow-through  of 
combustion  gases.  Additional  Insulation  protects  the  case  ID  and  provides  protection  at  cartridge  joints. 

To  date,  the  Super  HIPPO  has  been  tested  once,  the  FLSH  three  times  and  the  SLSH  twice.  In  all 
cases,  the  motors  and  facility  have  performed  successful lj .  There  have  been  no  comparable  tests  of  the 
same  components  using  actual  flight  configured  motors.  Therefore,  the  extent  to  which  the  test  motor 
results  simulated  the  full  scale  environment  cannot  be  judged  at  this  time.  Previous  experience  with 
smaller  test  motors  would  indicate  that  some  differences  should  result.  However,  these  differences 
should  play  a  secondary  role  on  design  evaluation.  The  test  motors  have  been  found  to  be  excellent 
tools  for  comparative  evaluations,  relative  rankings  and  concept  screening. 

LABORATORY  COMBUSTION  TOOLS  (References  13-17) 

Combustion  Instability  Is  a  complex  phenomena  that  occurs  In  a  great  many  solid  rocket  motors  during 
the  course  of  their  development.  Prior  to  1970  there  was  very  little  help  for  the  motor  developer  when 
this  problem  occurred.  Analytical  models  to  describe  the  phenomena  were,  at  best,  in  an  embryonic  status. 
Laboratory  tools  to  provide  Inexpensive  means  for  examining  the  problem  were  still  novelties  of  the 
research  couvnunlty.  However,  over  the  past  ten  years  there  has  been  a  dedicated  thrust  on  the  part  of 
the  Air  Force  to  develop  a  workable  understanding  of  Instability  phenomena  and  how  It  Influences  solid 
rocket  motor  behavior.  The  qoals  have  been  to  develop  credible  means  to  predict  motor  Instability 
behavior  and  establish  acceptable  cures  for  the  problem  If  it  should  occur.  The  emphasis  has  been 
clearly  on  the  aspect  of  "build  It  right  the  first  time." 

The  strategy  of  the  Air  Force  In  achieving  these  goals  has  been,  and  continues  to  be,  one  of 
encouraginq  an  Industrial -government  recognition  that  the  problem  Indeed  exists,  and  that  no  manufacturer 
Is  more  prone  than  others  to  Incur  the  problem,  and  that  It  is  In  everybody's  best  interest  to  work 
toqether  to  achieve  workable  solutions  that  can  be  shared  and  standardized.  To  end  this,  the  AFRPL 
extensively  funded  the  industry  so  that  a  proper  combustion  stability  scientific  and  engineering  community 
could  be  developed.  At  the  same  time  Internal  AFRPL  expertise  was  developed  to  provide  necessary 
quldance  and  leadership  In  the  area. 

Key  In  the  approach  toward  achlevlnq  the  goals  stated  above  Is  the  overall  success  of  the  T-burner, 
and  to  some  extent,  the  Rotating  Valve  burner  In  gaining  widespread  use  and  acceptance  as  a  standardized 
means  for  obtaining  propellant  combustion  response.  Currently,  propellant  combustion  response  can  only 
be  obtained  experimental ly  and  Its  value  Is  an  Input  must  for  stability  prediction  models. 

In  the  past  ten  years,  extensive  work  has  been  conducted  with  T-burners  and  other  devices.  Not  only 
has  this  effort  been  directed  at  providing  a  data  base  for  propeJlant  stability  characteristics  but 
extensive  effort  has  been  done  to  further  understand  and  develop  the  devices  themselves.  As  a  result 
these  devices  are  seeing  widespread  use  by  government  and  Industry  as  tools  to  support  propellant  and 
motor  development  programs.  Their  acceptability  has  progressed  to  the  point  that  most  AFRPL  contracts 
with  Industry  Involving  propellant  and  motor  development  now  require  T-burner  or  Rotating  Valve  chara¬ 
cterization  of  stability  behavior.  As  a  result,  most  rocket  motor  contractors  now  have  a  qualified 
facility  and  necessary  expertise  to  conduct  the  new  tasks. 


Table  3  provides  a  sumary  of  the  contractors  and  the  type(s)  of  devlce(s)  they  use.  The  AFRPl  Is 
also  Included  in  this  list  for  reference. 

Table  3 

COMBUSTION  STABILITY  LABORATORY  TOOLS 
USED  BY  THF  USA  SOLID  ROCKET 


PROPULSION  INDUSTRY 


CONTRACTOR 

T00L(S) 

Aerojet  Solid  Propulsion  Co. 

VATB* 

Slot  Vent  T-Burner 

Atlantic  Research  Corp 

Slot  Vent  T-Burner 

Chemical  Systems  Division 

VATB 

Rotating  Valve 

Hercules  (Bacchus  Plant) 

VATB 

Hercules  (ABL) 

Slot  Vent  T-Burner 
VATB 

L*  Burner 

Hercules  (McGregor) 

VATB 

Jet  Propulsion  Laboratory 

VATB 

Thiokol  (Wasatch  Division) 

VATB 

Thiokol  (Huntsvi 1 le  Division  ) 

Slot  Vent  T-Burner 

Air  Force  Rocket  Propulsion  Laboratory 

*VATB:  Variable  Area  T-Burner 

VATB 

Slot  Vent  T-Burner 
Rotating  Valve 

L*  Burner 

From  Table  3  it  can  be  seen  that  there  is  more  experience  with  the  variable  area  T-burner  concept 
than  any  other.  This  T-bu"ner  configuration  is  basically  the  same  as  that  described  in  detail  in 
reference  13  and  will  not  be  repeated  here.  The  method  of  testing  with  the  variable  area  T-burner  is 
based  on  the  hypothesis  that  the  growth  rate  of  unstable  oscillations  is  proportional  to  the  area  of 
burning  surface.  The  coefMcient  of  proportionality  is  directly  related  to  the  response  function  fov 
the  surface.  Tests  are  made  for  different  propellant  surface  areas.  Then  a  plot  of  the  observed  r.owth 
rates  versus  propellant  surface  area  should  be  a  straight  line  whose  slope  will  be  related  to  the  response 
function.  The  value  of  the  plot  intercept  with  the  ordinate  (i.e.,  the  point  of  zero  surface  area)  should 
represent  the  damping  associated  with  the  system.  By  and  large  it  has  been  found  that  results  obtained 
from  the  variable  area  T-burner  substantiate  this  hypothesis.  Data  from  this  T-burner  generally  show  a 
good  correlation  with  trends  established  by  motor  tests. 

The  disadvantages  in  use  of  the  variable  area  T-burner  center  about  the  cost  of  its  use  and  data 
reduction  uncertainties.  Data  interpretation  complexities  are  associated  with  substantial  data  scatter 
and  uncertainty  in  defining  the  surface  area  at  the  time  the  oscillation  growth  takes  place.  The  device 
requires  a  considerable  amount  of  propellant  to  fully  characterize  its  behavior.  For  propellants  under¬ 
going  initial  screening  from  small  batch  mixes,  there  may  be  insufficient  propellant  to  conduct  an 
adequate  number  of  tests  to  establish  the  confidence  In  the  results  that  one  would  desire. 

Moreover,  it  is  expensive  to  use  a  variable  area  T-burner.  The  cost  per  test  (Including  test,  data 
reduction,  etc.)  averages  about  $500.  Ten  tests  are  required  per  response  function  point  at  any  given 
freguency.  If  data  at  six  freguencies  are  required  to  fully  map  out  the  response  function  curve  the 
cost  somes  to  $30,000.  This  generally  represents  a  substantial  investment  on  the  part  of  the  rocket 
motor  development  program  manager.  Thus  it  is  not  likely  that  such  full  characterization  will  be  made 
for  each  propellant  formulation  change  introduced  into  a  given  program.  Hence  Increased  risk  is 
introduced  into  the  program. 

The  high  costs  and  substantial  propellant  quantity  required  by  the  variable  area  T-burner  is  the 
major  influence  that  drives  the  industry  toward  seeking  alternate  techniques  to  do  the  stability  task. 

One  such  alternate  technique  is  the  Rotating  Valve.  This  concept  was  first  pursued  in  the  United  States 
by  Chemical  Systems  Division  of  United  Technologies  Corporation  and  is  illustrated  in  figure  7.  The 
technique  has  been  adequately  described  in  references  K  -  16,  and  thus  is  only  briefly  summerlzed  here. 

Basically  the  method  consists  of  a  small  rocket  motor  that  employs  a  conventional  nozzle  to  control 
combustion  pressure  and  a  secondary  exhaust  system  which  Is  periodically  opened  and  closed  to  Induce 
bulk  mode  pressure  oscillations  in  the  combustor  while  the  propellant  is  burning.  The  pressure  oscil¬ 
lations  are  Induced  by  the  use  of  a  rotary  valve  with  several  equally  spaced  holes  that  traverse  a  slot 
type  vent  from  the  combustion  chamber.  The  frequency  of  the  Induced  oscillations  is  controlled  by  the 
rotational  speed  of  the  rotating  valve.  Measurements  are  made  during  tests  with  this  device  of  both 
amplitude  and  phase  which  enable  the  determination  of  the  real  and  imaginary  part  of  the  response  function. 


To  date,  experience  with  the  rotating  valve  method  indicates  that  the  cost  to  characterize  propellant 
stability  behavior  should  be  considerably  less  than  that  with  the  T-burner.  This  primarily  results  from 
a  reduced  number  of  tests  needed  with  the  rotating  valve  to  get  the  same  amount  of  data.  For  example, 
whereas  ten  tests  per  frequency  are  required  with  the  T-burner,  one  should  be  sufficient  with  the  rotating 
valve.  However,  the  device  cannot  provide  information  on  propellant  damping  behavior  which  is  needed  for 
stability  prediction  models.  Test  experience  shows  acceptable  levels  of  correlation  between  the  rotating 
valve  data  and  the  T-burner;  particularly  at  low  frequencies. 

The  slot  vent  T-burner  is  essentially  the  same  configuration  and  principle  as  a  conventional  T-burner 
(see  figure  8).  The  only  difference  Is  in  the  venting  arrangement.  Whereas  the  conventional  T-burner 
uses  a  circular  vent  port,  the  slot  vent  T-burner,  as  the  name  implies,  has  a  circular  slot  vent  which 
has  approximately  the  same  cross-sectional  area  as  the  circular  vent.  By  using  a  slot  vent  arrangement, 
the  characteristic  length  of  the  device  can  be  made  much  shorter  than  the  conventional  T-burner  without 
introducing  flow  losses  associated  with  a  larger  circular  port  and  the  uncertainties  introduced  in  the 
data  interpretation  by  same.  Thus  much  higher  frequencies  can  be  tested  with  the  slot  vent  T-burner  than 
with  the  conventional  T-burner.  This  is  Illustrated  by  figure  9  which  summarizes  the  frequency  regime  for 
the  slot  vent  T-burner  as  well  as  the  variable  area  T-burner  and  the  rotating  valve  device.  The  extended 
frequency  range  of  the  slot  vent  T-burner  permits  test  evaluations  to  be  made  for  propellants  containing 
little  or  no  metal,  normally  associated  with  reduced  observable  applications.  These  motors  appear  to  be 
plagued  with  very  high  frequency  instabilities  associated  with  tangential  modes  or  higher  order  axial 
modes.  Althouqh  reliable  results  are  obtained  from  the  slot  vent  t-burner,  it  is  plagued  with  the  same 
high  cost  and  data  scatter  disadvantages  as  the  variable  area  T-burner. 

CONCLUSION 

Over  the  past  twenty  years,  considerable  progress  has  been  made  In  the  understanding  and  development 
of  standard  test  motors  and  laboratory  tools  for  use  in  the  development  of  missile  propulsion  technology. 
The  devices  range  in  size  and  represent  fairly  sophisticated  test  capabilities  used  extensively  by  the 
United  States  Air  Force  for  several  purposes.  They  have  gained  In  acceptability  and  credibility  by  the 
rocket  propulsion  community  to  the  point  where  they  are  now  considered  to  be  an  integral  part  of  most 
propellant  and  motor  development  programs.  Much  of  the  credit  for  the  successful  development  of  the 
standard  test  motor  and  tool  technologies  goes  to  the  Air  Force  Rocket  Propulsion  Laboratory's  Investments 
and  guidance  which  brought  it  to  its  present  favorable  position  of  fruition. 
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Figure  6  -  Short  Length  Super  HIPPO  (SlSH) 
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SUMMARY 


Any  force  measuring  equipment  can  be  represented  by  a  system  of  masses  and  springs,  or  at  its  simplest 
by  a  single  spring  oi  stillness,  k  and  a  mass,  M,  with  damping,  C,  and  displacement,  x,  such  that 

M  i  ♦  C  yi  ♦  ksc  ■  T,  where  X  is  the  external  force.  Most  systems  measure  only  kx,  which  is  adequate 
dt  dt 

at  lew  frequencies. 


It  is  sometimes  impractical  to  raise  the  rig  natural  frequency  sufficiently  above  the  trequency  of  thrust 
fluctuations  for  these  to  be  recorded  accurately.  To  overcome  this  two  approaches  have  been  used.  The 
first  combines  all  the  terms  of  the  equation  of  motion  to  give  the  external  force  to  well  above  the  rig 
natural  frequency. 


In  the  second  a  mass  is  treely  accelerated  by  the  motor  on  linear  bearings,  an  accelerometer  giving  the 
thrust/time  curve.  Total  impulse  is  obtained  by  integrating  the  force  required  to  bring  the  mass  to  rest 
over  a  pre-selected  longer  period. 


1.  INTRODUCTION 


Any  force  measuring  system  can  be  represented  by  a  system  of  damped  masses  and  springs  interccupled 
so  that  its  frequency  response  is  far  from  linear.  By  careful  design  a  rocket  motor  thrust  measuring 
system  can  be  made  to  approximate  to  a  single  mass  attached  to  a  damped  spring.  The  mass,  M,  consists  of 
the  rocket  motor  and  any  part  of  the  rig  attached  rigidly  to  it.  The  load  measuring  transducer  can  be 
regarded  as  a  spring  reacting  against  a  rigid  structure  consisting  of  the  thrust  block.  In  practice  there 
is  compression  of  the  flexures  coupling  the  transducer  and  some  compression  of  the  thrust  block.  Any 
parasitic  oscillation  of  the  structure  will  have  to  be  filtered  in  the  signal  conditioning  equipment  if  it 
cannot  be  removed  at  source.  The  equation  of  motion  of  such  a  system  may  be  written 


T 


dt*- 


dx 

3T 


kx 


(1) 


where 


x  is  the  displacement  of  the  mass  M 
C  is  the  damping  coefficient 
k  is  the  stiffness  of  the  system 

T  is  the  external  applied  force. 


To  consider  the  response  ol  the 
frequency)  and  the  natural  frequency 


system,  T  may  be  replaced  by  an  oscillatory 
is  given  by 


force  F  sin  wt 


(u> 


2  TT 


W 


n 


f  C 

The  second  term,  I  2M  (  *s  usua^y  to°  small  to  have  a  significant  effect  on  u>n  and  can  often 

be  ignored.  A  set  of  graphs  giving  the  natural  frequency  of  a  rig  for  a  range  of  masses  and  stiffnesses 
is  given  in  Fig.  1.  Provided  that  u>  is  much  less  than  u>  ,  the  first  two  terms  in  equation  (1)  can 
be  ignored  and  kx  gives  a  good  representation  of  the  applied  force.  Most  firing  rigs  rely  upon  this  and 

u) 

filter  out  electrically  any  components  above  about  y  •  u>n  is  raised  to  the  highest  practical  value 
by  keeping  M  to  a  minimum  and  k  to  a  maximum.  It  is  often  impossible  to  raise  sufficiently  and 

it  is  then  necessary  to  measure  the  other  terms  of  the  equation.  The  errors  in  amplitude  and  phase 
incurred  by  measuring  only  kx  at  various  ratios  of  ~  and  at  various  damping  ratios  are  shown  in 


Fig.  2.  The  damping  ratio,  X  ,  is  given 

which  oscillation  just  fails  to  occur  when 
error  in  one  results  in  an  increased  error 


C  •  . 

by  X  ■  where  Cc  is  the  critical  damping  coefficient  at 

c 

the  system  is  shock  excited.  It  can  be  seen  that  a  reduced 
in  the  other. 


2.  COMPLETE  EVALUATION  OF  EQUATION  OF  MOTION 

2 . 1  Practical  rig  construction  and  signal  condi tioning 

Rigs  have  been  constructed  in  which  a  load  cell  forms  the  spring,  an  accelerometer  measures  the 

<12X 

M  — j  terms,  and  the  force  generated  by  two  damper  pistons  is  measured  by  load  cells.  The  outputs  of 
dt 

all  these  devices  are  summed  by  amplifiers  and  networks  to  give  a  true  representation  of  T  throughout 
the  firing.  The  value  of  the  term  C  ^  measured  by  such  a  system  may  be  in  error  if  other  damping  is 
present  and  it  may  then  be  better  to  derive  the  term  from  another  measured  term. 

if  the  system  is  oscillating 

x  *  A  sin  u)t  where  A  is  the  amplitude  of  oscillation 
dx  . 

-r-  "  Auj  COS  u)  t 

dt 

d2x  2  . 

— j  ■  Aaj  sin  u)t 

dt 

2 

-j—  can  be  obtained  by  differentiating  x  or  by  integrating  — ~  .  In  practice  the  latter  course  has 

d  dt^ 

been  found  preferable  because  any  noise  spike  on  the  x  signal  results  in  a  large  value  of  ~  » 

d2 

whereas  noise  in  — £  is  diminished  by  integration, 
dt 

A  block  diagram  of  the  signal  conditioning  equipment  is  shown  in  Fig.  3.  The  output  from  the  load 
cell  is  buffered  by  an  operational  amplifier  (No.  1)  in  which  the  gain  may  be  varied  between  0.1  and 
10000.  These  amplifiers  are  used  throughout  and  were  chosen  to  have  a  high  input  impedance  (100  MS2) , 

140  db  common  mode  rejection  ratio  and  low  offset  drift  of  1  pV/°C.  The  output  from  the  accelerometer 
goes  to  a  similar  amplifier  (No.  3)  and  both  amplifiers  feed  into  opposite  differential  inputs  of  a 
further  amplifier  (No.  4)  which  adds  them  vectorially. 

if  the  damping  force  is  measured  directly,  the  load  cell  which  measures  it  feeds  to  a  third  amplifier 
(No.  2)  and  the  outputs  from  this  and  from  amplifier  No.  4  are  again  mixed  in  amplifier  No.  5.  Resonance 
of  the  individual  transducers  may  cause  the  combined  output  to  contain  unwanted  high  frequencies  which 
limit  the  upper  frequency  response  of  the  system.  The  final  mixed  signal  is  therefore  fed  via  a  buffer 
to  a  low  pass  filter  stage  which  can  be  set  to  cut  at  any  desired  point  in  the  frequency  range  of  the 
equipment. 

d2X 

If  damping  force  is  not  measured  it  is  derived  by  feeding  some  of  the  M  — *■  output  from  amplifier 

dc 

No.  3  to  amplifier  No.  6  which  has  a  suitable  integrating  network  operating  over  the  frequency  range  30  Hz 
to  1500  Hz.  The  low  frequency  response  is  limited  to  prevent  the  integrator  from  running  out  of  range 
and  in  any  case  damping  forces  are  expected  to  be  low  in  this  region.  The  output  of  amplifier  No.  6  can 
be  switched  into  the  input  of  amplifier  No.  4  in  place  of  that  from  the  damper  amplifier,  No.  2. 

2.2  Calibration 

The  gains  of  the  appropriate  amplifiers  must  be  adjusted  to  represent  the  values  of  k  ,  C  and  M 
and  it  is  possible,  if  tedious,  to  determine  these  individually  and  set  up  each  amplifier.  In  practice 
this  would  be  difficult  and  an  empirical  system  based  on  the  response  of  the  rig  to  shock  excitation  is 
used.  The  shock  is  produced  by  striking  the  rig  in  an  axial  direction,  preferably  with  an  instrumented 
hammer  containing  a  piezoelectric  element  which  records  the  force  and  has  a  high  natural  frequency. 

The  kx  channel  is  first  calibrated  and  adjusted  using  static  loads  produced  by  deadweights  or  by 
methods  described  elsewhere  in  this  report.  The^rig  is  then  shock  excited  with  the  gain  in  the 

C  —■  channel  set  at  zero.  The  gain  of  the  M  j  channel  is  adjusted  to  produce  a  minimum  in  the 

dt 

d2x  d2x 

M  — j  ♦  kx  combined  output.  The  M  — and  kx  signals  are  180°  out  of  phase  with  each  other  and  the 
dt  dt 

minimum  combined  signal  is  at  90°  to  each,  as  is  the  C  signal.  The  C  signal  is  now  adjusted  so 

that  it  just  cancels  out  the  remaining  signal.  The  impulse  recorded  should  now  be  a  replica  of  that 
indicated  by  the  instrumented  hammer.  Any  higher  frequency  components  present  may  now  be  filtered  out  by 
adjusting  the  cut-off  point  of  the  final  filter  circuit. 

2.3  Practical  problems  and  results 


The  practical  problems  in  the  use  of  such  an  arrangement  are  that  rigs  may  have  more  than  one 
resonant  frequency,  particularly  when  feed  pipes  and  other  connecting  devices  are  required,  and  that  few 
behave  as  a  simple  spring  and  mass  system.  Every  attempt  should  be  made  to  keep  the  rig  simple  to  obviate 
these  troubles,  but  if  this  is  not  possible  the  transfer  function  of  the  conditioner  can  be  suitably 
adapted.  In  the  simplest  case,  notch  filters  may  be  used  to  remove  unwanted  resonances  and  if  they  are 
sufficiently  narrow  they  need  not  cause  unacceptable  distortion  in  the  final  output. 


to  i 


f  U-  ■*  ahowa  l  he  ol  .1  tvpti.il  tig  to  aii  impulae,  !.«■.  tlu»  signal  pto.ht.o.l  h\ 

the  loa.l  eel!  in  the  kx  eh, nine  l  .  Ktg.  1  allows  the  mapottae  to  the  a  a  mo  impulse  when  both  M  '  -  *  .iu«l 

dfc  M' 

\  |(  vh.tum'U  .lie  .otm.tly  t*l  1  ns  t  e.l . 

Fin.  h  ahowa  the  maulta  ot  a  filing  of  .»  ahoi  t  binning  time  motot  on  .1  mlativelv  un.lampe.l  tin 
nte  am  nt  t  tt  g  on  l  v  kx  .  Kin.  ’  mIiowm  a  Nttttil.it  I  it  inn  in  wln.lt  lull  »  ompenaAt  ton  wan  ttae.l,  Att.l  mveAla  ai 
unexpo.te.l,  hut  mal,  neg.it  ive  kt.k  ttt  the  tiMtng  p.it  t  ol  (he  thluMt  «  ut  ve  .  lompAt  t  non  of  the  pmaaum 
att.l  thtunt  *  ut  ve  •*  ut.lt.ateN  the  o  t  I  ee  t  t  vetten  n  ot  the  AVMtettt. 

t.  U.M  \  1 S  VI  v  MKASimtMVNV  OK  IMITl  M  \N1>  HIRVSI 

i.l  It  am  t  m  o|  the  h.illtNtt.  appioA.lt 

All  Alteiu.it  t\e  to  me  a  a  it  t  itlg  ot  .letivittg  All  the  fetma  ol  the  e.ju.tt  ton  ot  mot  ton  ol  .1  tiling  tig, 
when  it  t  n  not  poNMthle  to  t.iiae  the  tiAfutAl  tte.fueuev  ant t t . t eu t l V ,  t«  l o  te»luee  the  si  it  lues  a  Att«l  .tamp 

mg  to  leto,  Itie  e.^uAt  ion  ot  wot  ion  ot  the  pievtouw  ae.  lion  then  totltu  on  to  \  -  >t  ^  and  it  in 

at ' 

ne.naaatv  to  weAMute  only  the  t.  «  n  I  ot  At  ton  ol  the  motot  and  auv  waam  AttAehe«(  to  it  .  Hun  o  a  pta.it.  .il 
Aolulion  onlv  when  the  totAl  impulae  ot  the  motot  in  mum  I  l  tl  the  neeeNM.it  v  waan  to  wltt.lt  the  motot  in 
at  ta.  tied  in  to  he  kept  within  piAetie.il  limit  a.  Hun  eonat taint  limit  m  the  UAefulneuM  ot  the  to.bni.pu* 
to  motot a  hAving  huvning  times  of  tens  ot  mi  \  1  i  ae.ottda  .it  eutient  thrust  level  a. 


I.  hallmtl.  pendulum  mv m tern 

Vaiioum  ha  1  I  1  *  t  t .  me  an  ut  mg  nvn!  wnn  Iiavo  been  used  to  men  a  mo  wltot  t  .lut.it  ton  tot .on,  the  moMt  .  ommon 
being  the  b.illtNti.  pendulum.  Hun  w.in  nutt.illv  1  onm.lei  e.l  to  be  a  Molutton  to  the  ptoblemN  ot  (fit  it  m  t 
mo  a  am  emeu  I  in  motot  n  with  high  thuiMt  and  mIioi  t  bntutng  times.  It  .tepen.ln  upon  the  t.iet  th.it  in  the 
Alienee  ot  otltet  toi.es: 


wliem  I  in  the  ttiAt  Ant  AtieotiM  thtuNt 

I  in  the  time  lot  wltieli  the  tilt  ha  t  a.ta 
M  in  the  moving  waam 

V  in  the  IiiiaI  veloettv  .iMMtimtng  the  iuaab  to  be  initial  In  .it  teat. 

Hun  in  tine  it  the  maaa  and  pendulum  length  Ate  Nutlieteut  (01  the  masa  to  move  negltgtblv  .luting 

the  impulse,  Hie  tmpulae  in  .te.lu.  e.l  In  meastii  tug  the  final  position  ot  the  mAMM  it  the  pe.ik  ol  tta  awing. 

Vauallv  tla  tn, tease  in  height  in  me  an  ut  e.l  .lite.tlv  ot  tit.liie.tlv  to  give  its  g.ittt  ttt  potent  t.il  ettetgv, 
wht.lt  in  e«|tiAl  to  the  uutt.il  ktuett.  ettet  gv  Att.l  lienee  the  impulse  in  known.  A  thinat  time  etttve  mnv  be 
obi  a  me. I  1 1  .’in  in  a.  .  e  I  et  ome  I  e  t  mounted  on  t  he  pendulum,  but  the  a.  .  ut  a.  v  in  limit  e.l  Au.l  ..ilibirttion  is 
.till  1.  til  I  , 

It  .It  apl  a.  ement  ot  the  ihamb  .till  tug  the  impulae  in  atgtiili.AUt  .ttt  a  I  Iowan. e  mu  At  he  m.i.te .  tta  .Its 

pt.i.emeut  tmiAt  be  meAHute.l  .it  the  i'tt.1  ot  thtuAt  an  well  an  At  maximum  awing.  I'll  i  a  .1  a  a  ume  A  th.U  the  tlnuat 

..in  be  .ouai.teie.l  to  its,*  and  tall  mat  ant  aueoua l  v  au.1  lem.im  At  .1  eonatAnt  v.ifue  when  .ipplte.l,  A  te.il 
loeket  motot  in  likely  to  genetAle  .1  tlnuat  whi.lt  vat  tea  with  time,  no  tb.tt  K  mupt  be  known  an  a  tun. 

I  ton  ot  .1 1  apl  a.  ement  Att.l  moAaute.l  with  .111  a.  .  e  1  et  ome  t  et  .  A.  «  e  1  et  it  ton  Att.l  velo.itv  iiiav  also  be  .lelive.t 
bv  diie.t  me  a  an  t  ement  01  bv  .tpptoptiAte  .It  t  I  et  ent  1 .11  ton  ot  «t  t  ap  I  a.  emen  t  Along  the  .it.  ol  swing,  but 
A..utA.v  in  not  Itkelv  to  be  gteAl. 

The  ptA.tt.Al  pt  ob  1  eittA  i  n\o  1  ve.l  ut  the  1  e.t  l  t  a  At  ion  ol  .in  a.  .mate  devieo  Ate  »  oils  wlot  .tb  I  e  .  The  hiamm 

ot  the  pen.lttlum,  ttt.  In. ting  Anything  atta.hod  to  tt  must  be  known,  Atul  this  »  h.tuges  with  vouaumpt  ton  .'t 

the  motot  .hug.  .  With  .1  leAaottAble  pen.lttlum  length  the  m,iaa  must  be  lAtge  t.tbout  ItHH'  kg  with  out  tent 
mot  of  a  f  to  minimise  tt.tvel  .luting  the  buttling  time.  Hub  involves  a  suspension  liAving  a  aubat  Aiit  t  a  l  mass 
.in.l  t  lu  a ,  with  the  finite  a  t  re  ol  the  mam  mass,  meAtta  th.it  the  moment  ol  tnettt.t  ot  the  .ombtn.it  ton  About 
the  pivot  uniat  be  ealettlafed  01  meAaute.t.  A  patallel  mot  ton  attapenaion  Avot.la  the  ptohlem  ot  the  .Itattt 
hut  e.l  mrtAA  ot  the  pen.lttlum,  hut  the  met  I  ia  of  the  auapenaton  mu  at  be  known. 

IV I  ermitta t  ion  ot  the  poatlton  ot  the  eenfte  ot  gt.tvilv  ot  the  tttAaa  At  its  maximum  swing  in  .tit  (unit 
ana  .illowAii.e  may  be  neeeaaaiv  toi  auv  mot  ion  in  .timet  iona  othei  than  the  inlen.le.l  diie.  t  ion  ot  swing. 

Till  a  in  pai  t  i  eitl  At  I  v  impoit.iut  it  the  meAAuttig  point  on  the  m.iaa  in  not  At  the  eentie  ot  gi  ,i\  1 1  v  Ati.l 
them  ta  tot  At  ion  About  the  .entte  ot  giAvitv.  It  \a  .onvetuent  to  me  a  a  111  e  .1ngul.11  awing  ne.11  the  pivot, 
but  there  muat  be  no  ben.hng  01  vibt.it  ton  ttt  t  lu  a  legion  il  ettota  Ate  to  be  Avoi.le.l.  It  t.  t  i.mia!  loaaea 
ttt  the  he.itntga  ttee.le.l  to  attppot  t  the  lAige  tttAaa  m,tv  ItAve  to  be  evAlu.ite.l,  ptobAblv  bv  me.iattt  tng  atteeea 
atve  awtttga,  An.t  aome  meAtta  ot  .meat  tug  the  pett.htlttm  muat  be  ptoviae.l. 

Moat  ot  theae  pioblema  .aii  be  ovet  .ome  bv  Allowing  the  mAaa  to  move  hot  i  rout  .1 1 1  v  .ittet  the  impulae, 
Att.l  meAAui  ing  the  integial  ot  the  totee  tequim.l  to  hi  iug  it  to  teat. 

f.  f  |V a.  1  t p t  ton  ol  AlteniAtive  svatem 

The  avafern  litiAlly  aele.te.l  ia  ahowtt  tu  Kig.  R.  It  eonatata  ot  a  m.taa  M  ,  the  value  ol  wlti.h  tie  e.l 
be  known  only  Appi  on  imat  el  v ,  auppoite.t  on  t  In  ee  low  liietiou  lineal  beat  inga  si  1. ling  on  boiiront.il  io.Ib. 
The  tmtlot  to  be  teate.l  in  nauinte.l  on  the  teal  lave  ot  the  blo.  k  ao  that  it  a.  .  elei.itea  the  waa*  Along  the 
10. la  fei  a  allot  t  tliatauee  without  matatAii.e  .lining  the  m»'t.u  tiling.  An  a.  .  eleiometei  tmutute.l  in  the 
M nek  on  the  tta»t«'i  Asia  neat  the  from  laee  pio.lu.ea  a  tlnuat  time  etiive  ainee  K  -  Ma  ,  wheie  a  in 


I  hr  acre  lei  at  ton.  It  ia  aittiatrd  in  this  position  to  W  •»*»  p  it  .»■»  i  emote  4*  poaaibU-  t « %*•*•  nIio*  k  i*k«  iui  i«mi 

I I  om  the  lO%  ket  molot  .  Thr  iimhr  of  tin*  block  m  appi  »*M»wi  t  e  1  v  likkl  kg  l*»  cilRui «'  leaaouahlr  lettglha  o| 

ttavel  dining  thr  Intuit  t  ime  and  icaaoitable  liual  velo*ittea  with  n  in  tin*  impel**,  i  mgr  ot  nH»  lo 

l  <»H'  Nm  lot  wliit  li  thr  equipment  waa  deatgnrd,  Sin*e  tin*  blo*k  ia  appt *» v  mt.i  t  »*  l  v  4  *uk»  hum  «  uhr  it  n  lowest 
n*  aon. m  t  1 1  e.juem  v  i«  iut  h  that  V  •  l  to  ,  i.e,  ‘*  km.  It  thin  tie*|ueu*Y  i«  ex**  tied  a  low  |«4*«  Itltn 
muat  In*  incorporated  in  thr  ie*otding  avatem  t**  *  ut  it  a  aut table  tie»jwemv  hr  low  tliia  valor.  The 

a*  *  r  lrioim*tri  uaed  ttt  tin*  initial  r  spe  i  l  men  I  h  in  an  I  mlevco  Model  .’.‘C*.*  l*kk»  p  1 1*  »o  iratallx*  tvpr  to  mat*  It 
into  eaiafing  ilia 1 1  umen tat  ion,  It  Ii.in  an  output  ol  O.N  mV  pn  g  ami  a  mttutal  lie*|tirmv  ol  h  k  U  r . 
reapouae  bring  llat  to  within  *  ’*T  liotiiO  to  .Ikkl  Ha,  IIiin  laltrt  ,  hat  a*  t  r  i  t  u  t  t ,  goveitta  thr  »  ot  oil 
t  i  e*|uem  v  ot  thr  thiiiNt  iiiraNiil  lug  avatem  in  moat  «aaea, 

Attn  tin*  rml  ot  mo  lot  hunting  thr  maaa  tiavrlN  a  allot  t  diatauce  ami  in  thru  brought  to  i»*nI  hv  a 
device  which  appltea  a  o*uH.inl  drreleiattug  ti«»*r  lot  a  time  win  *  li  in  tnvriNrlv  pi  opol  t  t**ua  I  lo  thr 
magnitude  ol  thr  Ion  r  ami  in  ,  lioNru  to  hr  aiiclt  that  notnial  lecotdiug  amt  iut  rgt  at  ing  a  va  tenia  .an  hr  iini*,!. 
A  typical  comb  tna  t  ton  in  .inkk>  N  tot  *0  iiin  irNiilttng  I  i  om  a  mo  tot  impulse  ot  I0tk>  Nn. 

t’hr  tntttal  dereletaiittg  device  wan  deatgurd  a*  an  oil  tilled  ptNton  amt  cvlimlei  pieaauiiaed  t**  a 
pro  aelertcd  vatur  t  tom  a  ntttogrn  gaa  iraeivoii  laigr  nioiigh  to  pt  rvrnt  thr  pirtMinv  tn*m  alining 
n  i  gni  I  n  ant  I  v  dining  thr  at  teal ing  pet lod, 

SiihNr«|nrut  l  v  *  a  commoicial  device  w.im  lound  to  r\iNt,  in  which  I  In*  cvlimln  in  pntoiatrd  with  a 
an  ion  ot  adjuatable  otiticea  which  an*  «  IoniivI  in  l  ill  u  by  thr  platon  I**  achieve  a  Nimtlat  ottod.  Hun 
in  nIiowii  in  ttg*  Thr  drvici*  in  mounted  on  tin*  rml  ol  tin*  1 1  aim*  cattviug  (hr  loda  which  Ntippot  t  thr 

m.iNM,  Thr  Iratur  in  auppoi  trd  hv  llexuioa  and  couplrd  hv  a  n»d  (IrMitr  to  a  load  *oll  and  dampei  unit 
which  tttraMtncN  thr  loicr  applied  to  tin*  dr*  r  In  atoi  .  Thr  time  integral  ot  tliia  I**i*»  in  equal  t**  the 
i'n* tot  total  impulse  tt  their  an*  no  l ** n n r n  in  tin*  avatem. 

' ,  •«  S v  n  t  rm  a*  *  in  acv 

Ki  i*  t  ion  ot  tin*  lineal  beat  ingN  c**ul*l  *  auae  ittaecutaev  although  then  coelti*ieul  ol  tint  ion  in 
ptohablv  I  r  n  n  than  0.00**  when  they  air  in  good  condition.  Vo  av**i*t  miicIi  ciioin,  whatevei  t  tie  louditiou 
ot  tin*  braviugN,  the  Nupp**i  t  iodN  air  m**unlrd  on  I  IrMtirH  mo  that  (In*  lo.nl  *  e  l  I  meaauioa  tin*  lii*ti**ual 

l**i*  »'m  grnnatrd  in  thr  heat  ingN.  I  it*  (tonal  I**i*»*n  in  the  irtanling  device  air  alN**  «u'ann***l  hv  tin* 

*rll  n*»  that  loaaea  from  tliONr  el  tret  a  an*  negligible. 

Thr  a*  *in  acv  **l  mraNUirmrnt  **t  t  **  t  a  l  impular  depemla  «»n  thr  l**a«t  cell  amt  ir***i*ltug  devtcrm.  Since 

thr  irtanling  *lrvt*r  givrN  liar  t*»  a  Nrnaihlv  coualaut  dree l et a t i ng  loice,  thr  load  *rll  mav  hr  **pr»atr*l 

*■  1  «> n i*  t**  its  woiktug  ma Milium  and  nIi**iiI*I  home  be  capable  ol  an  accmacv  **t  0.1T.  I'lgilal  lecotdiug  amt 
uit.ilvata  «levi*ra  uard  ate  capable  ol  an  a*  *  in  a*  v  **l  bettn  than  O.IT.  Thr  cell  i»  caltbtated  with  a 

Mtamlaitl  cell  **t  O.OM  accutaev  t**  achieve  an  ovotall  a*  *  vu  a*  v  **t  0..'T  in  total  impular  iiiraNin  nnrnt  . 

Any  at*nrd  rlaalic  rtimgv  in  the  meaatit  ing  avatom  **i  irtanling  device  mav  irault  in  thr  maaa  a*  quit 

ing  a  amall  velocity  in  thr  irvoiao  *lhr*ti**n  at  in  ita  aiirat,  It  tliia  in  aiguttieant  it  i«  tteceaaatv 

t**  latch  thr  maaa  t**  thr  aneatei  when  it  makra  contact  ami  t**  auhttaet  I  ivm  thr  intrgial  anv  negative 
thiuat  produced  dm  ing  thr  t  inal  n*h«*umt. 

The  miot  in  ac* o I eromet ei  me. lam  rmrnt  ot  tliiuat  mav  hr  rvaluatr*!  aa  l**tl**wa.  let  I  tie  primiaaihlr 
mi*»i  hr  IT  ami  aaauim*  a  coefficient  **t  lii*lion  **t  O.i'l,  Sirnr  Ihr  maaa  in  UkV  kg  thr  (tt*ti**ual  t**i*r 
ia  appi  **\ima  t  r  l  v  Uk'  N,  n«*  that  Ihr  minimum  tliniNt  in  likkk'  N  t**  achirvr  IT  accuiacv*  It  thr  t**tal 
impular  ia  kilt'Wn  t**  within  0,»l  a  giratri  mtot  than  It  in  thniat  in  pvohahlv  a**rptahlr  4*  thr  shape  ot 

thr  thiuat  curve  in  uanaltv  m*»ir  impoitant  than  ap**t  ira«linga.  A**  in  a*  v  in  pi*«hahtv  limitr*!  hv  thr 

aceelet  *«mrtm  I  *  *M  loi  the  htghei  K»*in  in  component  n  **t  thr  thiuat  tiauairnta,  hut  *  an  hr  ati**wn  i  o  hr 
within  tliia  limit  provided  that  thr  liar  time  ol  tin*  locket  motoi  thiuat  in  not  leaa  than  win.  I\*rpt 
during  thr  thiuat  tranaient  an  actiuacv  **t  *«t  in  achieved. 

Ail  diag  ia  negligible  aime  thr  tone  on  thr  block  at  manmnm  velocity  with  tin*  gicatcat  total 
impular  enviaaged  la  ah**ut  I  N,  and  aime  tliia  acta  loi  .'0  ma  at  moat  thr  nioi  in  impular  in  *'.0f*  Nn. 

I .  **  Par  ol  thr  equipment 

It  it  ia  aaattmed  that  a  m**t**i  ot  total  impular  l  Nn  ami  maximum  thiuat  t  N«*wt**na  in  to  hr  leafed 

thr  thiuat  at  thr  load  cell  mu  at  hr  aptead  ovm  about  O..'**  no,  **i  l**ngn  t**  pmmit  a  aut  t  i  *i  rut  l  v  a**inatr 

int  rgrat  i«*n  «*t  the  tliiuat.  The  range  ot  the  load  *rll  imiat  lima  hr  nu.Ii  that  it  *  an  mraainr  a*«*inatrlv  a 
force,  F j  ,  where 


Thr  linrai  drcrlmatoi  niuat  hr  adiuatrd  I**  pi**vi*lr  tliia  dr*  rim  at  ing  force, 
the  maximum  acvclriation  **l  the  maNM  in  given  hv 

k 
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a»*  that  the  gain  ol  thr  a*  cr  l  ei  ome  t  ei  amplitiei  muaf  hr  art  I**  a*  commodate  thr  aceelet  omelei  output  at 
thia  value. 


Thr  load  cell  muat  he  calibrated  in  thr  uaual  maunei  with  irtnrmr  I**  the  Nile  atandaid. 


Hu*  nuts  roust  bo  in  it*  nUi  (ui)i  position  and  iho  motor  attached  to  il  (irmly.  To  obtain  an  .i«  i  mat 
l  hi  11*  l  i  opt  oHont  at  t  on  all  mating  surfaics  imiMt  bo  machined  flat  to  t  ho  boat  engineering  tolerance*  ami  a 
film  of  gte.tse  may  bo  applied  to  take  up  any  remaining  clearance  between  surface*. 

Recording  of  load  cell  output  must  bo  by  a  digital  *y*lem  with  a  resolution  of  bolter  than  l  pai  t 
in  UHH>,  and  a  sampling  late  o  1  not  leu*  than  1  kHz  and  preferably  above  *>  Kllr. 

I'ho  accelerometer  measurement  must  be  recorded  bv  a  digital  system  with  a  sampling  rate  of  at  least 
10  kHz  or  by  an  analogue  system  with  a  llat  res  (ton  so  to  2  kHz* 

The  thrust  integral  is  obtained  directly  front  the  digital  recording  of  the  load  cell  output.  The 
accel erome ter  recording  can  bo  integrated  in  terms  »>|  trace  diapl acement ,  d  ,  against  time,  t 
Thus,  for  the  acce leromet et  calibration  constant,  K 

k  fa  di  -  [i-Mt  -  i 
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I .  n  Summary  o  1  advan t  age s 

This  equipment  permits  moasuiomonl  of  the  total  impulse  o (  motois  with  short  burning  limes,  with  the 
same  accuracy  and  using  the  same  auxiliary  equipment  as  for  motors  with  long  burning  times.  The  thrust/ 
time  curve  can  be  recorded  using  an  accelerometer  which  need  not  he  directly  calibrated.  It  is  easiei  t  > 
use  and  avoids  most  of  the  errors  inherent  in  a  ballistic  pendulum.  The  mass  must  he  known  with  only 
sufficient  accuracy  to  permit  adjustment  ot  the  tango  ot  the  measut ing  systems,  and  only  a  static  calibra 
liiui  of  the  load  cell  is  required.  It  is  capable  ol  measuring  total  impulse  with  an  accuracy  of  *0,2% 
and  instantaneous  thrust,  within  frequency  limitations,  to  *2Z. 

4 .  CONCLUSION 

Both  these  systems  have  performed  satisfactorily  and  have  theii  individual  areas  ol  application. 

The  tiisl  is  particularly  suited  to  measuring  starting  transients  of  large  motors,  but  it  must  be 
appreciated  that  any  significant  change  in  the  mass,  M  will  introduce  an  error  in  the  compensat ion. 

The  second  technique  can  only  be  used  with  short  burning  time  motors  il  the  moving  mass  and  its 
distance  of  free  travel  are  to  be  kept  within  practical  bounds. 

Future  work  is  likely  to  make  use  of  the  high  sampling  rates  of  current  digital  recording  and 
analysis  systems,  to  process  the  signals  after  they  have  been  recorded.  This  has  advantages  such  as  the 
ability  to  change  coefficients  progressively  through  the  recorded  tiring. 
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ROUND  TABLE  DISCUSSION 

I  htf  (  liiiniuti,  Professor  ('asci.  opened  the  discussion  by  introducing  the  Round  I  able  Panel  Members 

Prof.  C.Casci  Italy  (Chairman) 

Mr  R. Heron  UK 

Dr  R  Strecker  Germany 

Mr  M.  Barren;  France 

Prof  F.l  .C.Culick  USA 

Mr  W.G.Haymes  USA 


I'm  lessor  (  \lsci  (tilled  upon  Air  Hurrere  to  renew  the  work,  in  Session  I'  o)  the  conference 

M. Barren;  In  order  to  summarise  the  situation  on  combustion  instability,  I  will  ask  you  to  consider  three  points.  First 
of  all  there  is  the  definition  of  the  problem,  secondly  the  advances  given  in  this  conference  and  thirdly  the  direction  in 
which  research  and  technology  is  moving  in  the  future 

On  the  first  point  there  are  perhaps  different  ways  of  examining  the  problem.  There  are  the  progress  aspects  of 
basic  research  by  which  is  inferred  the  analytical  studies  to  enable  us  to  better  understand  the  phenomena.  Phis  enables 
one  to  try  and  construct  a  model  by  experimental  or  theoretical  means  so  that  we  can  proceed  to  verify  the  analysis.  I 
think  the  first  aim  of  the  basic  research  should  be  the  determination  of  the  transfer  function  of  the  propellant  under  the 
imposed  regime. 

The  program  of  research  work  involved  setting  up  tests  or  synthesis,  that  is  for  example  the  design  of  a  small  scale 
motor  duplicating  the  characteristics  of  a  large  motor  The  small  scale  prototype  is  used  to  obtain  basic  data  to  enable 
the  phenomenon  to  be  modelled  Research  and  technology  is  aimed  at  obtaining  information  of  direct  interest  and 
application  for  the  motor  constructor. 

In  considering  the  essence  of  the  problem  one  must  ask  what  are  we  seeking  and  what  is  the  end  objective?  In  this 
context  there  are  a  number  of  points  I  w  ill  try  to  summarise.  One  important  objective  is  to  predict  whether  a  given 
motor  design  will  be  stable  or  exhibit  combustion  instability.  This  is  of  great  importance  to  the  motor  manufacturer 
Another  important  objective  is  to  determine  what  remedies  can  be  applied  to  existing  motors  which  exhibit  combustion 
instability.  Research  is  necessary  to  find  ways  of  suppressing  the  instability.  A  further  desirable  aim  is  to  predict  the 
pressure  evolutions  in  the  combustion  chamber  from  the  inception  of  ignition.  For  certain  applications  the  variations  in 
the  rate  of  burning  and  pressure  during  transitory  phase  regimes  is  very  important. 

There  is  a  need  to  co-ordinate  this  work  more  closely  with  the  propellant  formulation  field.  1  would  like  to  under¬ 
line  my  impression  that  there  is  insufficient  communication  between  combustion  instability  specialists  and  propellant 
formulators.  It  must  be  the  role  of  AGARD  to  act  as  a  communication  forum,  to  establish  the  difficulties  of  the  problem 
from  the  viewpoint  of  both  specialities.  AGARD  must  seek  to  give  guidance  to  the  propellant  and  motor  manufacturer. 

Let  us  consider  what  emerged  at  this  conference.  Many  contributions  were  in  the  field  of  basic  research, 
emphasising  the  problem  of  determining,  as  accurately  as  possible,  the  response  function  ot  the  propellant  l  his  function 
is  very  important,  since  an  accurate  knowledge  of  its  value  is  fundamental  to  many  ot  the  other  characteristics  ot 
instability  including  burning  rate  and  pressure  effects.  The  determination  of  the  transter  function  ot  the  propellant  under 
fluctuations  of  burning  rate  and  pressure  during  the  transitional  phase  was  central  to  many  of  the  contributions. 

An  exposition  of  fundamental  research  was  given  by  Professor  Culick  on  the  acoustic  mode  wave  propagation  in  the 
gas.  Analytical  methods  were  presented  for  modelling  the  mechanism  with  attention  being  given  to  the  third  order 
acoustics.  Mr  Luca  discussed  fundamental  studies  of  the  surface  response,  such  as  the  time  dependent  variation  ot  surface 
temperature.  This  is  a  very  complicated  and  difficult  area  but  there  is  a  wealth  of  possibilities  from  such  studies.  The 
propagation  of  temperature  in  the  solid  substrate  may  be  reduced  to  the  resolution  of  differential  equations  but  to  do 
this  requires  more  knowledge  of  the  interfaces  the  precise  boundaries  and  a  better  knowledge  ot  the  surface  reactions 
It  is  important  to  determine  the  mechanisms  of  what  happens  at  the  surface.  Mr  Kuent/mann  presented  some  ot  the 
work  done  at  ONFRA  on  combustion  instability.  He  showed  that  in  some  cases  there  was  correspondence  whilst  in 
others  there  was  no  good  correspondence  between  theory  and  experience  and  between  different  scaled  systems.  1  he 
study  of  losses  must  be  pursued  further  and  the  non-linearity  of  the  phenomenon  is  important  to  analy  se. 

Does  all  this  basic  research  interest  the  motor  manufacturer?  A  paper  by  Derr  et  al.  implies  it  does.  The  constructor 
can  now  predict  with  reasonable  precision  the  occurrence  of  instability  but  progress  is  perhaps  proceeding  slowly  in 
improving  our  understanding  of  the  problem  and  its  remedies. 

We  had  an  exposition  on  low  frequency  instability  which  is  a  special  case  where  some  rocket  constructors  are  more 
worried  about  this  region  generally  during  the  evolution  at  low  pressure.  Again  a  paper  by  Mr  Hughes  showed  the  impor¬ 
tance  of  the  study  of  the  non-linearity  of  the  instability 

Fqually  we  had  a  paper  by  Mr  Evans  on  the  suppression  of  instability  by  inert  particles  There  were  important 
experiments  since  the  field  of  particle  losses  is  still  not  well  understood. 

What  can  we  conclude  about  the  future  from  the  results  of  this  conference?  All  the  fields  previously  mentioned  arc 
important  and  basic  work  although  very  costly  is  well  justified.  There  is  a  need  for  the  analytical  and  fundamental  studies 
to  continue  on  a  theoretical  and  experimental  plane.  The  theoretical  plane  should  emphasise  the  study  of  non-linearity 
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and  the  experimental  plane  should  aim  at  determining  the  propellant  response  function.  The  modelling  of  the  combus¬ 
tion  process  must  explain  the  effects  of  non-linearity  and  the  prediction  of  losses  is  an  important  aim  of  research. 

Professor  Cast 7  called  on  Professor  Culick  to  comment  on  Session  II  of  the  Symposium 

F.E.C.Culick:  Session  II  was  concerned  with  ignition,  extinction  and  internal  ballistics.  The  first  two  topics  are  of  course 
transient  processes.  Ignition  can  be  considered  in  two  aspects,  firstly  those  areas  concerned  with  hardware  and  practical 
technology  are  not  in  my  field  of  experience.  A  number  dealt  with  this  aspect.  The  second  aspect  has  to  do  with 
computations  of  criteria  concerned  w  ith  ignition  and  extinction  to  determine  the  conditions  under  which  these  transient 
processes  perform  their  role. 

In  general,  computations  on  these  transient  processes  assume  certain  models  of  which  a  number  of  well  known 
combustion  models  have  been  quoted  in  this  session.  All  these  models  fall  into  the  same  class  by  making  the  basic 
assumptions  that  the  gas  phase  behaves  in  a  quasi  steady  manner.  This  assumption  clearly  fails  during  the  ignition  and 
extinction  process,  l  or  example  during  ignition  there  is  initially  no  flame  whilst  eventually  there  is  flame  and  vice  versa 
for  extinction. 

Therefore  arguments  which  prove  the  virtues  of  one  model  versus  another  are  somewhat  superfluous  since  all  have 
this  same  crucial  assumption.  All  give  the  same  results  in  form  although  numerically  different,  primarily  because  the  only 
transient  process  considered  explicitly  in  such  computations  only  involve  unsteady  heat  transfer  in  the  solid  phase.  The 
time  dependent  processes  in  the  gas  phase  are  totally  ignored.  This  problem  has  not  been  addressed  in  this  session. 

With  regard  to  internal  ballistics,  we  may  be  paying  the  penalty  of  having  largely  ignored  this  area  for  many  years. 

In  most  cases  very  simple  computations  of  one  dimensional  ballistics  are  adequate,  but  there  arc  some  crucial  problems 
which  have  arisen  in  recent  years.  One  of  these  is  the  heat  transfer  process  in  complicated  grain  geometries.  This  was  not 
discussed  at  this  session.  However,  another  problem  was  discussed,  namely  erosive  burning.  I  confess  to  a  prejudice  on 
this  topic  in  that  1  favour  the  integral  methods  as  having  most  promise.  If  the  integrations  can  be  properly  done  one  can 
smear  out  errors  and  make  good  approximations  more  readily.  The  results  are  less  costly.  The  erosive  burning  problem 
can  in  the  main,  be  taken  care  of  in  practice  by  trial  and  error.  However,  in  transient  processes  the  time  dependent 
counterpart  of  erosive  burning  i.e.  velocity  coupling  has  not  had  adequate  treatment  of  its  physical  processes.  The 
kinematics  of  velocity  coupling  has  been  well  done  but  not  the  physical  processes. 

Until  the  steady  state  character  of  erosive  burning  has  achieved  greater  understanding.  I  do  not  think  that  velocity 
coupling  can  be  properly  approached. 

Finally  on  internal  ballistics  there  is  another  subject  which  has  not  been  treated  in  this  session.  More  recently  there 
have  become  real  possibilities  of  2  or  3  dimensional  axisymmetric  computations,  to  develop  more  detailed  velocity  field 
features  in  the  motor.  This  study  would  be  useful  to  the  erosive  burning  and  velocity  coupling  problems. 

Mr  lleron  was  called  upon  by  Professor  C'asci  to  make  some  observations  on  Session  III. 

R. Heron:  I  make  my  comments  as  one  who  had  left  direct  involvement  in  the  scientific  field  for  many  years  to  be 
concerned  with  management  and  administration.  My  original  special  interest  was  the  field  of  internal  ballistics  and  when 
I  started  platonisation  of  double  base  propellants  had  only  just  been  discovered  and  nobody  knew  how  the  additive 
worked.  At  that  time  aluminium  had  not  been  used  in  composite  propellants.  There  were  those  who  said  aluminium 
could  not  work,  it  would  not  bum  effectively  and  yield  the  expected  performance. 

From  this  vantage  point  1  can  say  how  impressed  I  am  with  the  advance  of  understanding  in  the  field  of  combustion. 
The  paper  given  by  Norman  Cohen  presented  an  excellent  review  of  the  state  of  the  art.  The  papers  in  the  session  were  an 
eloquent  testimony  of  the  role  of  aluminium  and  the  interesting  facets  of  its  behaviour,  illustrating  the  much  greater 
insight  since  the  early  days  of  which  I  spoke.  We  witnessed  in  the  paper  by  Dr  Kraeutle  et  al.  work  aimed  at  tailoring 
aluminium  combustion  particles  to  suppress  specific  frequencies  of  acoustic  instability. 

All  the  sessions  at  this  conference  dealt  with  aspects  of  combustion,  ignition,  extinction  which  are  really  all  related 
to  the  central  aspect  of  combustion  stability.  In  the  context  of  many  military  applications  we  are  frequently  concerned 
with  very  small,  very  short  bum  motors.  These  present  much  greater  problems  for  ignition  and  stable  burning  than 
the  very  large  motor.  Such  small  motors,  burning  for  some  millisecs  present  real  problems  of  transient  processes,  where 
more  fundamental  research  is  required. 

In  the  UK  it  has  become  fashionable  for  over  a  decade  to  demote  the  work  in  fundamental  combustion  analysis  and 
modelling  together  with  fundamental  studies  of  propellant  burning  mechanisms.  Superficially  it  is  difficult  to  establish 
concrete  returns  particularly  in  competing  for  financial  resources  with  other  short  term  but  pressing  priorities.  I  believe 
this  is  a  mistake,  since,  amongst  other  reasons,  this  kind  of  work  generates  the  kind  of  people  and  attitudes  of  mind  which 
can  have  marked  beneficial  effects  on  development  work  and  on  the  propellant  and  rocket  motor  practical  state  of  the 
art. 

Some  observations  on  Session  II'  were  requested  from  Pr  Strecker  by  Professor  Casci. 

R.Strecker:  Three  papers  were  presented  on  new  propel  is.  one  paper  on  a  new  technique  of  application  and  one  on 
propellant  ageing. 

The  paper  on  plastic  screen  structured  propellants  by  Camp  et  al.  showed  a  means  for  overcoming  the  debonding 
problem  in  short  burning  motors.  It  seems  to  me  that  the  application  of  a  lacquered  or  solution  form  of  the  smokeless 
double  base  propellants,  enables  more  energetic  propellants  utilising  higher  nitroglycerine  content  to  be  facilitated.  These 
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propellants  are  normally  handled  on  hot  rolls  or  mills  which  arc  limiting  anil  they  have  interior  strength  which  is 
alleviated  by  the  reinforcing  plastic  screen 

1  he  second  paper  dealt  with  the  use  of  ammonium  nitrate  in  gas  generator  propellants  By  using  phase  stablised 
ammonoum  nitrate  then  the  well  known  problems  ol  this  very  uselul  oxidixer  can  be  overcome. 

I  lie  paper  by  Mr  liot/mer  on  a  new  binder  system  tackles  the  problem  ol  ageing  behaviour  and  mechanical 
properties  of  the  binder  As  long  as  double  bonds  occur  in  binders  or  the  use  of  curing  agents  such  as  the  a/iridine  type 
continue,  then  the  binder  will  be  susceptible  to  degradation  by  oxidation  or  thermal  decomposition.  I  he  introduction  ol 
nitrile  groups  improves  ageing  character,  an  alternative  is  to  saturate  the  double  bonds,  providing  liquidity  ot  the  binder 
is  maintained 

It  was  interesting  to  note  the  means  of  tailoring  the  low  temperature  properties  of  this  binder  by  adjusting  the  nitrile 
content  Also  the  manufacturing  method  employed  was  ot  interest  in  reducing  capital  tooling  costs.  1  his  involved  the 
use  of  conventional  vertical  mixers  to  produce  a  liquid  polymer  propellant  which  was  partially  cured  before  proceeding 
to  a  conventional  extrusion  process. 

I  he  fourth  paper  dealt  with  new  propellants  of  the  composite  smokeless  double  base  kind.  Mr  Davenas  spoke  ot 
the  w  ays  of  increasing  energy  w  ith  nitramines  as  well  as  the  improvement  of  mechanical  properties  at  low  temperature 
by  the  introduction  of  cross-link  systems. 

I  must  make  some  criticism  of  the  under  representation  in  the  conference  of  papers  on  new  propellants  tor  rocket 
motors.  Propellants  are  the  major  part  of  the  rocket  and  we  know  ol  Ihe  problems  which  still  exist  with  propellants. 

I  would  urge  the  PI  P  to  organise  a  special  meeting  devoted  to  the  subject  ol  new  propellants. 

Professor  Casei  asked  Mr  llaymes  to  comment  on  Session  17 

W.Ci.Haymes:  Session  VI  dealt  with  heat  transfer  and  materials  and  was  a  small  session,  consisting  of  three  papers  which 
covered  a  w  ide  scope.  We  had  one  paper  by  Mr  Kampa  dealing  with  jet  vanes  in  TVC  systems,  one  paper  by  Mr  Parrat 
who  speculated  on  the  use  of  composite  materials  in  rocket  motors  and  a  paper  by  Mr  Bonnet  on  materials  characterisa¬ 
tion  and  methods  of  analysis. 

Some  comments  I  would  make  are  more  specific  to  tactical  military  applications.  There  is  a  need  for  research  and 
development  in  new  materials,  particularly  since  we  are  increasingly  becoming  involved  in  environmental  and  health 
considerations.  I  lie  latter  affect  materials  used  historically  such  as  asbestos  fillers,  both  as  heat  resistant  and  structural 
reinforcement.  There  is  a  real  need  for  substitute  materials  to  be  evaluated,  selected  and  characterised. 

Also  for  tactical  motors  it  is  important  to  reduce  weight  and  cost  which  present  a  continuing  challenge  to  the 
materials  specialist. 

I  would  like  to  comment  on  the  design  and  analysis  area.  Using  finite  element  and  finite  difference  techniques,  that 
are  applicable  to  transient  heat  flux  problems,  we  have  strong  methods  for  predicting  thermal  history  and  distribution.  I 
think  this  area  is  ahead  of  the  material  characterisation  area.  The  analyst  lacks  sufficient  data  on  materials  to  work  with 
and  make  the  best  predictions  with  available  analytical  methods.  This  area  can  be  improved  with  better  and  fuller 
material  characterisation,  even  with  existing  materials  under  large  temperature/pressure  ranges  and  shear  flow  effects  if 
these  are  applicable. 

There  is  one  analysis  area  to  be  improved  on  which  is  worthy  of  comment.  Methods  or  models  are  used  to  predict 
the  progressive  ablation  fronts  of  materials  as  a  function  of  surface  flow  or  energy  fluxing  into  the  surface.  The 
techniques  available  are  difficult  to  use  and  of  questionable  accuracy.  These  should  be  improved. 

Professor  Ciisci  asked  Mr  llaymes  to  address  himself  to  the  next  question  submitted  by  (»'  l  Keans.  /'!/  Suntnterfield. 
UK 

Question:  "Could  the  panel  comment  on  the  direction  in  which  propellants/rocket  motors  should  proceed  for  future 
applications  in  the  tactical  missile  field.  In  particular,  commenting  on  the  influence  the  following  facets  may  have  on 
such  propellants  ( I )  Rocket  exhaust  properties  of  smokelessness  and  low  signature  in  the  visible  to  tar  infra-red. 

(2)  Propellant  mechanical  properties,  particularly  strain  capability  at  low  temperatures.  (3)  Safety  requirements  such  as 
fragment  attack  and  the  susceptibility  of  the  motor/propellant  to  explosion  or  detonation." 

WC. llaymes  There  has  been  an  increasing  emphasis,  in  the  last  few  years,  to  develop  propellants  and  motors  which  w  ill 
display  a  reduced  observable  characteristic,  to  whatever  sensing  device  is  applicable  to  the  mission  Usually  we  are 
concerned  with  visible  smoke.  This  has  led  in  the  USA  to  the  development  of  the  so-called  reduced  smoke  propellants. 
These  involve  elimination  of  aluminium  and  leaving  only  ammonium  perchlorate.  Our  next  objective  is  to  further 
improve  these  by  reducing  the  exhaust  condensibles  obtained  from  such  composites. 

This  emphasis  on  such  minimum  smoke  propellants  will  continue  for  the  next  lew  years.  1  he  emphasis  will  be  on 
widening  the  useful  range  of  bunting  rates,  lower  pressure  exponent,  better  rr^  to  bioaden  their  application. 

This  leads  on  to  the  last  part  of  the  question  in  that  the  propellant  mechanical  properties  will  be  a  big  topic,  if  we 
are  going  to  apply  minimum  smoke  propellants  to  tactical  missiles.  Such  missiles  can  have  extreme  environments  such  as 
wide  temperature  limits,  high  acceleration  for  air  launch  systems,  shock  and  vibration  for  aircraft  carrier  systems  and 
aerodynamic  heating. 
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Composite  propellants  have  been  developed  to  meet  these  conditions  hut  the  minimum  smoke  propellants  have  yet 
to  he  fully  developed  to  these  rigours.  Safety  is  a  matter  of  policy  for  the  system  characteristics  It  is  a  matter  for  the 
systems  or  user  people  to  stipulate  the  safety  requirements.  If  Class  7  (US  classification)  propellants  are  acceptable  then 
these  can  be  provided.  However,  if  Class  2  is  required  then  the  reduced  energy  and  other  penalties  or  trade-offs  have  to 
be  accepted. 

M. Harrere  commented  further  that  for  smokeless  applications  the  igniter  is  an  important  area.  Similarly  the  inhibitor  can 
be  the  dominating  influence  in  rocket  smoke  performance  no.  least  in  the  smoke  emitted  at  motor  all-burn. 

(Jin  ' lit >>i  and  Answer  Session 

Professor  ( 'asei  introduced  a  question  hy  K  I  o  ol  DIA'l.K  and  invited  Mr  Harrere  to  answer 

Question:  “What  is  the  future,  if  any,  of  liquid  injection  into  solid  rocket  motors  with  respect  to  thrust  modulation, 
specific  impulse  augmentation  and  extinction'.’  What  is  the  future  for  high  energy  ingredients  such  as  hydrides. 

Chloramines  etc?" 

M. Harrere:  Although  thrust  variation  may  be  achieved,  in  my  experience  there  is  little  to  be  gained  in  SI  augmentation 
by  liquid  injection  Hy  contrast  there  may  be  a  useful  field  in  extinction  of  rockets. 

A  lot  of  research  has  been  done  and  I  can  summarise  that  done  at  ONI  KA.  but  I  must  emphasise  that  this  has  not 
led  to  any  practical  application  I  or  example,  the  kind  of  modulation  by  liquid  injection  that  one  can  practically  and 
readily  achieve  gives  pressure  exponents  of  burning  close  to  unity.  If  one  does  not  stop  the  liquid  one  can  even  achieve 
a  stable  condition  where  the  pressure  exponent  exceeds  unity. 

I  qually  front  the  point  ol  view  of  modifying  the  combustion  mechanism  one  generally  finds  the  liquid  in  no  way 
modifies  the  combustion  of  the  solid,  both  by  calculation  and  experience  one  is  able  to  determine  that  the  useful  range 
of  SI  augmentation  is  not  great  and  in  some  cases  the  SI  is  lower. 

With  respect  to  extinction,  the  aim  must  be  to  minimise  the  amount  of  injected  liquid  necessary.  According  to 
research  in  the  USA  a  very  large  mass  of  liquid  is  required  for  short  duration  times. 

I  he  modulation  of  thrust  is  a  very  desirable  aim  for  solid  propellant  motors.  A  number  of  methods  are  possible 
with  liquid  injection,  for  example  by  using  a  mixture  of  very  rich  and  deficient  propellants. 

W  ith  regard  to  high  energy  ingredients,  it  is  important  to  emphasise  that  for  military  applications  there  are  other, 
at  least  equally  important,  considerations  that  have  to  be  weighed  against  specific  impulse  increase.  The  exotic 
ingredients  for  higher  energy  formulations  can  entrain  serious  practical  difficulties  such  as  storage  and  shelf  life  limita¬ 
tions.  file  requirements  for  smokelessness  and  other  features  may  mitigate  against  most  of  the  high  energy  ingredients. 

I  he  essentials  usually  require  a  compromise  which  in  itself  is  determined  by  the  mission  or  application  in  the  military 
field,  fhese  considerations  are  less  restrictive  with  space  application. 

K. Heron  commented  further  on  this  question:  A  solid  propellant  rocket  motor  is  a  very  simple  device  in  principle,  made 
possible  by  the  efforts  of  propellant  chemists  and  design  engineers.  If  you  wish  to  impose  on  this  device  the  capability 
of  modulating  the  thrust  on  demand,  extinguish  the  rocket  on  demand  and  render  the  exhaust  smokeless  with  a  low 
radar  attenuation  plume  etc.,  then  the  result  is  much  more  complicated.  I  think  that  in  (his  case  then  one  might  as  well 
go  fora  wholly  liquid  propellant  motor,  possibly  a  packaged  liquid  motor. 

Professor  ( asi  i  requested  l)r  Strecker  to  comment  on  a  question  from  Mr  Korching  ofPrins  Mauri ts  I  aboratory, 
\etherlands 

Question:  "Can  you  comment  on  future  trends  in  propellant  formulation  with  respect  to  oxidiser  type,  binder,  plasticiser, 
burning  rate  catalysts?  In  particular  the  influence  of  these  on  specific  impulse,  low  smoke,  burning  rate  extension,  shelf 
life  is  of  interest.” 

R. Strecker:  Much  of  the  euphoria  in  research  and  development  with  the  more  exotic  oxidisers  has  declined  or  ceased. 

I'hey  are  either  too  expensive  or  not  compatible  with  the  binder  or  unstable  in  themselves.  In  the  latter  case  I  am 
thinking  of  hydra/inc  diperchlorate.  So  in  effect  we  are  left  for  the  foreseeable  future  with  Al\  RUN  and  1IM\. 

With  regard  to  low  smoke  and  the  use  of  nitramines,  we  have  to  consider  the  requirements  of  the  various  services. 

It  appears  the  air  force  and  Navy  will  not  allow  propellants  of  Class  7  or  NATO  1 .1 ,  so  this  leaves  us  with  AP  and  the 
corresponding  minimum  smoke  propellants. 

For  the  binder  type  of  HTPB  polymer  is  becoming  the  work  horse.  It  will  replace  increasingly  the  CTPH,  PBAA, 
PHAN  polymers.  Nevertheless  we  do  have  some  ageing  problems  due  to  the  double  bonds  in  HTPB  and  effort  will  be 
required  to  improve  on  this. 

In  commenting  on  plasticiser,  I  assume  high  energy  plasticisers  were  the  topic  of  the  question.  Despite  considerable 
research  effort  we  currently  have  to  be  content  with  nitroglycerine  as  the  only  accepted  plasticiser.  Others  such  as  FIFO. 
I'VOPA  have  problems  in  cost  and  production  requiring  further  work. 
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The  situation  with  respect  to  burning  rate  catalysts  is  well  known.  There  are  some  which  give  high  burning  rates 
such  as  the  carboranes,  but  we  have  to  use  a  high  concentration  and  the  cost  is  too  high 

K. Heron  commented  further  Anyone  who  looks  at  the  propellant  scene  in  the  UK  from  the  outside,  may  be  surprised 
at  lirst  glance  at  the  extensive  use  of  double  base  systems  for  tactical  applications  I  bis  is  due  to  the  emphasis  we  have 
always  had  to  accept  for  low  smoke.  This  has  led  to  much  concentration  on  inhibitors  and  igniters  for  low  smoke 
performance.  We  have  put  priority  in  the  UK  into  the  development  of  elastomer  modified  double  base  I  his  enables  us 
to  case  bond,  without  stress  relief,  over  a  wide  operating  temperature 

Professor  Casci  iitinniiiri.se J  the  discussions  and  the  panel's  sessions  in  Ins  eont  ltuling  remarks 

Mr  Harrere  in  his  observations  highlighted  three  areas  namely  steady  state  of  burning  of  solid  propellants,  unsteady 
burning  of  solid  propellants  and  rocket  motor  design 

I  or  propellant  steady  state  burning,  contributions  were  given  to  the  meeting  on  advances  in  propellant  chemistry 
and  combustion  modelling  Some  experimental  evidence  was  given  to  further  our  understanding  of  aluminium 
combustion. 

As  lor  the  status  of  unsteady  burning,  we  had  several  experimental  and  theoretical  contributions  from  a  number  of 
I  uropean  and  American  sources.  These  were  aimed  at  furthering  our  knowledge  of  this  fundamental  field.  Of  course 
a  lot  remains  to  be  done. 

I  he  rocket  motor  design  field  offered  the  majority  of  contributions,  again  from  1  uropean  and  American  sources. 

In  the  main  these  papers  offered  a  technical  understanding  of  problems  which  were  already  solved  empirically.  They 
should  allow  a  better  overall  design  of  rocket  motor. 

I  would  like  to  remark  on  the  importance  given  to  the  problems  of  acoustic  instability.  On  the  other  hand  I  regret 
the  lack  of  attention  given  to  the  2  phase  How  with  the  combustion.  Theoretical  attention  to  a  non-linear  approach  to 
the  tlu kI  dynamics  and  the  combustion  should  be  pursued 

The  state  of  the  art  of  rocket  motor  technology  was  reviewed  by  Mr  llaymes.  The  user  already  has  computer  aided 
design  facilities  and  the  trend  is  towards  such  computer  aids  from  the  design  through  to  machinery.  This  however  is  not 
likely  to  occur  in  l  urope  in  the  next  few  years  and  perhaps  the  European  countries  should  pay  more  attention  to  this 
area. 

We  have  now  come  to  the  end  of  this  symposium  meeting.  I  should  like  to  thank  all  those  who  have  contributed.  I 
would  like  to  thank  the  programme  committee  of  Mr  Harrere,  Mr  Crispin.  Professors  C'uliek,  llirch,  Wa/elt  and  (he  host 
nation  co-ordinator  Mr  Kristofersen.  I  special  thanks  are  accorded  to  the  interpreters  and  those  who  operated  the  visual 
and  audio  aids. 

A  special  mention  is  made  of  Mr  Krengcl  of  our  Panel  Executive  who  will  be  leaving  I’liP  next  June.  We  wish  to 
express  our  appreciation  of  his  organising  efforts  and  offer  our  best  wished  for  his  future. 
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14.  Abstract 

These  Conference  Proceedings  contain  the  36  papers  presented  at  the  AGARD  Propulsion 
and  Energetics  Panel  53rd  Symposium  on  “Solid  Rocket  Motor  Technology",  which  was 
held  in  Oslo.  Norway.  2  5  April  1979.  The  questions  and  answers  after  the  various 
presentations  arc  included  as  well  as  the  Round  Table  Discussion. 

The  Symposium  was  organized  into  seven  sessions:  Survey  Papers  (2);  Ignition,  Extinction 
and  Internal  Ballistics  (8);  Burn  Rate  Modelling  and  Combustion  of  Metal  (5);  New 
Propellants  (5):  Combustion  Instability  (7);  Heat  Transfer  and  Materials  (3);  and  Testing 
and  Instrumentation  (6). 

The  Symposium  provided  a  forum  for  discussion  and  exchange  between  research  scientists, 
propellant  fomiulators  and  motor  technologists.  Though  main  emphasis  was  placed  on 
transient  processes  like  ignition  and  extinction  and  on  combustion  instability  with  the 
various  related  aspects  there  were  a  number  of  papers  dealing  with  propellants,  their 
characteristics  and  their  development. 

Whether  the  symposium  achieved  its  initial  aim.  i.e.  furnishing  a  comprehensive  survey  of 
the  technology  available  for  solid  propellant  rocket  motors  and  its  further  development 
capabilities,  will  be  assessed  in  a  Technical  Evaluation  Report,  to  be  published  as  AGARD 
Advisory  Report  AR  151. 
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